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NOT ICE 

T h i s  r e p o r t  was prepared as an  account of Government- 
sponsored work. Nei ther  t h e  United S t a t e s ,  nor t h e  
Nat ional  Aeronaut ics  and Space Adminis t ra t ion (NASA), 
nor any person a c t i n g  on behalf  of NASA: 

A.) Makes any warranty o r  r e p r e s e n t a t i o n ,  ex- 
pressed o r  implied,  w i t h  r e s p e c t  t o  t h e  
accuracy,  completeness,  o r  u se fu lness  of 
t h e ~ i n f o r m a t i o n  contained i n  t h i s  r e p o r t ,  
o r  t h a t  t h e  use of any information,  appara- 
t u s ,  method, o r  process d i s c l o s e d  i n  t h i s  
r e p o r t  may not i n f r i n g e  privately-owned 
r i g h t s ;  o r  

B . )  Assumes any l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  
use o f ,  o r  f o r  damages r e s u l t i n g  from t h e  
use  o f ,  any information,  appa ra tus ,  method 
o r  process d i s c l o s e d  i n  t h i s  r e p o r t .  

A s  used above, "person a c t i n g  on behalf  of NASA" i n -  
c ludes any employee o r  c o n t r a c t o r  of NASA, o r  employee 
of such c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  such employee o r  
c o n t r a c t o r  of NASA o r  employee of such c o n t r a c t o r  p r e -  
pares, d i s semina te s ,  o r  provides access  t o  any informa- 
t i o n  pursuant t o  h i s  employment o r  c o n t r a c t  w i th  NASA, 
o r  h i s  employment wi th  such c o n t r a c t o r .  

Requests f o r  cop ie s  of t h i s  r e p o r t  should be r e f e r r e d  t o  

Nat ional  Aeronaut ics  and Space Admin i s t r a t ion  
S c i e n t i f i c  and Technical  Information F a c i l i t y  
P. 0. Box 33 
College Park,  Maryland 20740 
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ABSTRACT 

The f e a s i b i l i t y  of making large-diameter  composite monofilaments was inves -  
t i g a t e d  by pyro lyz ing  high-modulus g r a p h i t e  f ibe r /h igh -cha r  polymer composites.  
Molding, r o l l i n g  and wet-die  drawing were used t o  form t h e  monofilaments. 
The r e s u l t s  of t h i s  program showed t h e  f e a s i b i l i t y  of t h e  method. However 
problems encountered i n  t h e  impregnation, c u r i n g  and p y r o l y s i s  s t e p s  caused 
nonuniform d i s t r i b u t i o n  o f  t h e  f i b e r s  and p o r o s i t y  and cracking w i t h i n  t h e  
pyrolyzed carbon matrix. These problems prevented t h e  composite monofila- 
ments from a t t a i n i n g  t h e i r  f u l l  p o t e n t i a l  p r o p e r t i e s .  The f u l l  modulus 
and up t o  80% of f i b e r  t e n s i l e  s t r e n g t h  w e r e  r e t a i n e d  i n  t h e  b e s t  pyrolyzed 
composites.  
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This  program was a 12-month e f f o r t  t o  e s t a b l i s h  t h e  f e a s i b i l i t y  of f a b r i c a -  
t i n g  l a r g e  diameter  g raph i t e / ca rbon  composi te  monofilaments. The monofila- 
ments w e r e  formed by impregnat ing g r a p h i t e  f i b e r  bundles  w i t h  a high-char 
polymer and then  conve r t ing  t h e  polymer t o  carbon by  pyro lyza t ion .  

The t a r g e t  r o p e r t i e s  f o r  t h e  f i n i s h e d  f i l amen t  were .002 t o  .010 inch  
(5,08 x 1 0 - g ' t o  25.4 x 
(34.5 x LO4 MN/m2) t e n s i l e  modulus of e l a s t i c i t y ,  and 400,000 p s i  (23.6 
x l o 2  MN/m2) t e n s i l e  s t r e n g t h .  A c i r c u l a r  c r o s s - s e c t i o n  was p r e f e r r e d ,  
b u t  a non-round c o n f i g u r a t i o n  was accep tab le  i f  t h e  mechanical p r o p e r t i e s  
w e r e  s a t i s f a c t o r y .  Continuous l e n g t h s  are p r e f e r r e d  bu t  n o t  r equ i r ed .  

mm) diameter ,  uniform c ross - sec t ion ,  50 x LO6 p s i  

Three methods were developed t o  form t h e  f i b e r  bundles  i n t o  composite 
monofilaments: (1) r o l l i n g  advanced prepreg  between spaced, hard s u r f a c e s ,  
( 2 )  drawing through a w e t  d i e ,  and ( 3 )  molding. The " w e t  d i e "  method w a s  
t h e  easiest  t o  use  and t h e  most adap tab le  t o  cont inuous  process ing .  However 
problems of f i b e r  f r a y i n g  us ing  t h i s  method caused t h e  molding method t o  
be  chosen as  t h e  s t anda rd  f o r  comparison f o r  t h e  v a r i o u s  f i b e r  and r e s i n  
combinations s t u d i e d  i n  t h i s  program. 

The r e s u l t s  of t h i s  program showed t h e  f e a s i b i l i t y  of t h e  process .  However, 
problems encountered i n  t h e  impregnat ion,  cu r ing  and py ro lys i s  s t e p s  of t h e  
process  caused non-uniform d i s t r i b u t i o n  of t h e  f i b e r s  and p o r o s i t y  and 
cracking  w i t h i n  t h e  pyrolyzed carbon mat r ix .  These problems prevented t h e  
composite monofilaments from a t t a i n i n g  t h e i r  f u l l  p o t e n t i a l  p r o p e r t i e s .  
The f i b e r  modulus was r e t a i n e d  through process ing ,  b u t  t h e  f i b e r  t e n s i l e  
s t r e n g t h  dropped 20 t o  40% i n  t h e  s t r o n g e r  monofilaments and even more 
seve re  s t r e n g t h  degrada t ion  occurred i n  t h e  weaker monofilaments. 

The b e s t  r e s u l t s  were obta ined  us ing  a PAN precur so r  tow and a f u r f u r y l  
a l coho l  b i n d e r ,  formed by t h e  molding process .  The pyrolyzed composite 
monofilament had a nominal diameter  of  .008 inch  20.3 x mm) , 76 v /o  

modulus of 54 x l o6  p s i  (37,9 x lo4 MN/m2)- 

f i b e r ,  t e n s i l e  s t r e n g t h  of 175,000 p s i  ( 1 2 . 1  x 10 1 MN/m2) and a t e n s i l e  

The carbon b inde r  he ld  t h e  g r a p h i t e  f i b e r s  t oge the r  and allowed t h e  combina- 
t i o n  t o  act  as a composite s t r u c t u r e ,  a l though t h e  b inder  d i d  n o t  c o n t r i b u t e  
d i r e c t l y  t o  t h e  t e n s i l e  p r o p e r t i e s  of t h e  monofilament. To develop t h e  
t a r g e t  s t r e n g t h s ,  i t  i s  necessa ry  t o  u s e  f i b e r s  w i t h  h igher  p r o p e r t i e s ,  t o  
reduce t h e  s t r e n g t h  degrada t ion  dur ing  process ing ,  o r  t o  i n c r e a s e  t h e  
s t r e n g t h  of t h e  carbon ma t r ix  b inder  by pos t -py ro lys i s  t rea tments .  



2 INTRODUCTION 

Cer t a in  types  of organic  f i b e r s  can  be  conver ted  i n t o  high-modulus, high- 
s t r e n g t h  g r a p h i t e  f i b e r s  by p y r o l y s i s .  The usua l  form of t h e  f i n i s h e d  
f i b e r s  i s  e i t h e r  a yarn  of s e v e r a l  hundred ends o r  a tow of several thou- 
sand ends. The i n d i v i d u a l  f i b e r s  are  approximately 3 x lo-' inches  
(7.6 x nun) i n  diameter  and, except  f o r  c o l o r ,  are  similar t o  g l a s s  
f i b e r s  i n  appearance.  T e n s i l e  s t r e n g t h s  are  250,000 t o  400,000 p s i  
(17.2 x lo2., ,  27.6 x l o 2  MN/m2) and moduli are  40  x lo6  t o  80 x LO6 p s i  
(27 ,6  x lo4  t o  55.2 x lo4 MN/m2). 

While t h e  u s e  of g r a p h i t e  f i b e r  re inforcements  w i t h  p l a s t i c  ma t r i ces  has  
been encouraging, a p p l i c a t i o n s  t o  metal composites have been less  s u c c e s s f u l .  
Pene t r a t ion  of t h e  f i b e r  bundles  w i t h  t h e  metal b inde r  and t h e  h igh  chemical 
r e a c t i v i t y  between carbon and metals a t  t h e  process ing  temperatures  are t h e  
major d i f f i c u l t i e s .  A l a r g e r  diameter  f i l amen t ,  l i k e  t h e  boron f i l a m e n t s ,  
would minimize o r  e l i m i n a t e  t h e s e  problems. 

The o b j e c t i v e  of t h i s  program w a s  t o  determine t h e  f e a s i b i l i t y  of f a b r i c a -  
t i n g  a la rge-d iameter ,  h igh - s t r eng th ,  high-modulus graphi te /carbon composite 
monofilament by t h e  r e s i n  conversion method. The composite monofilament 
was formed by impregnating a bundle of small-diameter  g r a p h i t e  f i b e r s  w i t h  
a high-char organic  r e s i n ,  then  cu r ing  and pyrolyzing t h e  composite mono- 
f i l amen t  and conver t ing  t h e  r e s i n  t o  a carbonaceous b inder .  The f i n i s h e d  
f i l amen t  should be ,002 t o  .010 inches  ( 5 . 1  x t o  25.4 x nun) i n  
diameter  and uniform i n  c r o s s - s e c t i o n .  A round cont inuous f i l amen t  i s  p r e -  
f e r r e d  but  a non-round shape and a d iscont inuous  l eng th  would be  a c c e p t a b l e  
i f  s a t i s f a c t o r y  mechanical p r o p e r t i e s  can be  obta ined .  The o b j e c t i v e s  on 
mechanical p r o p e r t i e s  are 50 x L O 6  p s i  (34 .5  x lo4 MN/m2) modulus and 
400,000 p s i  (27.6 x LO2 ?9N/m2).  

Composite monofilaments,  r e i n f o r c e d  w i t h  carbon o r  g r a p h i t e  f i b e r s  have n o t  
been produced previous ly ,  however g r a p h i t e  f i b e r  r e in fo rced  carbon composites 
have been produced i n  bu lk  form. A review of t h e  technology of t h e s e  com- 
p o s i t e s  i n  bu lk  form would i n d i c a t e  some of t h e  p o t e n t i a l  d i r e c t i o n s  t o  be  
taken i n  t h i s  i n v e s t i g a t i o n .  

The manufacturing p rocess  f o r  s o l i d  bu lk  g r a p h i t e  u ses  t h e  technique  of 
forming w i t h  an  organic  b i n d e r  and pyrolyzing t h e  b inde r  t o  a carbon.  
Usual ly  a coke f l o u r  i s  mixed w i t h  a c o a l  t a r  p i t c h  and ho t  pressed  i n t o  
b i l l e t s .  The b i l l e t s  a re .conver ted  t o  g r a p h i t e  by pyro lyz ing  i n  an  i n e r t  
atmosphere,  (1) 
s t r e n g t h  g r a p h i t e  products  were made by us ing  t h e  f i b r o u s  re inforcements  
i n s t e a d  of coke f l o u r ,  
2 

A s  g r a p h i t e  f i b e r s  and f a b r i c s  became a v a i l a b l e ,  h igher  

The p recu r so r  organic  b inde r s  w e r e  t h e  phenol ic  



and f u r f u r y l  a l coho l  type  r e s i n s  i n s t e a d  of c o a l  t a r  p i t c h  because they  
impregnated t h e  f i b e r s  more e a s i l y  and w e r e  more a p p l i c a b l e  t o  f a b r i c a t i n g  
reinformed composites.  The composites dropped cons ide rab ly  i n  t e n s i l e  
s t r e n g t h  when carbonized but  were s t i l l  much s t ronge r  than bulk  g r a p h i t e .  
Carbonized g r a p h i t e  c l o t h  lamina tes  were r epor t ed  t o  l o s e  2 5  t o  50% of 
t h e  t e n s i l e  s t r e n g t h  and g a i n  as much as  80% i n  t e n s i l e  modulus, depending 
on t h e  p recu r so r  b inde ra (2 )  S ince  g r a p h i t e  f a b r i c  f i b e r s  a r e  low modulus, 
nominally about 6 x lo6  p s i  (4.13 x lo4 MN/mz),  t h e  increased  moduli were 
only  about  3 x LO6 p s i  (2.07 x lo4  MN/m2)*  
r e in fo rced  composites,  t h e  r i g i d  carbon cha r  can in f luence  composite 
modulus p r o p e r t i e s .  A u n i d i r e c t i o n a l  carbonized composite,  r e in fo rced  
wi th  a 50 x LO6 p s i  (34.5 x lo4  MN/m2) modulus g r a p h i t e  yarn,  had a t e n s i l e  
s t r e n g t h  of 70,000 p s i  (4.82 x LO2 MN/m2) and a t e n s i l e  modulus of 25 
x LO6 (17.2 x LO4 MN/m2) .(3) 
and 100% of t h e  t e n s i l e  modulus of an epoxy s i m i l a r l y  r e in fo rced .  
t h r e e  examples used a d d i t i o n a l  impregnations and py ro lyza t ions  of a low 
v i s c o s i t y  f u r f u r y l  a l coho l  b inder  t o  b u i l d  up t h e  d e n s i t y  of t he  carbon 
mat r ix ,  The degrada t ion  of t e n s i l e  s t r e n g t h  dur ing  ca rbon iza t ion  i n d i c a t e s  
a problem w i t h  cha r  b inde r s ,  b u t  t h i s  i s  e a r l y  technology. The important  
i n d i c a t i o n s  a r e  t h e  f i b e r s  maintained most of t h e i r  t e n s i l e  s t r e n g t h  and 
a l l  of t h e i r  t e n s i l e  modulus. 

Apparent ly  i n  l o w  modulus 

Which i s  about 65% of  t h e  t e n s i l e  s t r e n g t h  
A l l  

A s  i n d i c a t e d  above, t h e  f i r s t  s t e p  involved i n  forming a carbonized com- 
p o s i t e  i s  t h e  impregnation of t h e  g r a p h i t e  f i b e r s  w i t h  r e s i n .  Again, t h e  
forming of a composite monofilament by impregnating a small bundle of 
g r a p h i t e  f i b e r s  ' is  analogous t o  t h e  f a b r i c a t i o n  of l a r g e  u n i d i r e c t i o n a l  
composites . in  bu lk  form. The small s i z e  p l a c e s  seve re  c o n s t r a i n t s  on t h e  
f a b r i c a t i o n  methods t h a t  are  normally used.  I n  a d d i t i o n ,  t he  u l t i m a t e  
o b j e c t i v e  of a cont inuous l eng th  places f u r t h e r  r e s t r i c t i o n s  on process ing .  

Large composites us ing  long f i b e r  re inforcement  are u s u a l l y  formed by 
p lac ing  impregnated f i b e r s  under p re s su re  and hea t .  The excess  r e s i n  
i s  forced  o u t  dur ing  t h e  c u r e  and the  f i n i s h e d  p a r t  can be def lashed ,  
trimmed o r  machined t o  maintain the  c o r r e c t  dimensions. Whereas, s i n g l e  
f i l amen t s  a re  t o o  small t o  be subjec ted  t o  any s i z e  c o n t r o l  process ing  
a f t e r  forming, 

The p r o p e r t i e s  of a bulk  pyrolyzed composite are u s u a l l y  compared t o  t h e  
p r o p e r t i e s  of t h e  unpyrolyzed r e s i n - f i b e r  composite. I n  a u n i d i r e c t i o n a l  
p l a s t i c  composite r e in fo rced  w i t h  a high t e n s i l e  p rope r ty  f i b e r ,  t h e  t e n s i l e  
p r o p e r t i e s  of t h e  composite i n  t h e  d i r e c t i o n  of t h e  f i b e r s  w i l l  n o t  exceed 
t h e  p r o p e r t i e s  of t h e  combined f i b e r s .  The t e n s i l e  p r o p e r t i e s  of t h e  f i b e r s  
a re  s o  much g r e a t e r  than those  of t he  b inde r s  t h a t  t h e  b inder  makes no 
apprec i ab le  d i r e c t  c o n t r i b u t i o n  t o  composite t e n s i l e  p r o p e r t i e s ,  For 
example, t h e  t e n s i l e  s t r e n g t h  and modulus of an average aromatic  amine cured 
epoxy (DGERA/MPDA) are  8,000 p s i  (0.55 x l o 2 )  and 458,000 p s i  (31.6 
x 102 m/m2) r e s p e c t i v e l y .  (4) 
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This  i s  about  3% of t h e  s t r e n g t h  va lues  and 1% of t h e  modulus va lues  of 
t h e  g r a p h i t e  f i b e r s .  
s i g n i f i c a n t  load  when t h e  f i b e r s  a re  a t  t h e  breaking p o i n t .  

With such a g r e a t  d i f f e r e n c e  t h e  epoxy w i l l  have no 

I n  u n i d i r e c t i o n a l  r e s in -ma t r ix  composites t h e  t e n s i l e  modulus tends  t o  
fo l low t h e  r u l e  of mixtures .  With a 70% f i b e r  volume loading ,  a 50 x lo6 p s i  
(34.4 x LO4 MN/m2) modulus f i b e r  and o n l y  t h e  f i b e r  c o n t r i b u t i n g  t o  modulus; 
t h e  h ighes t  a n t i c i p a t e d  modulus o f  a composite f i l amen t  would be  35 x 106 p s i  
(24 .8  MN/m2). 

T e n s i l e  s t r e n g t h  does n o t  fo l low t h e  r u l e  of mixtures  i n  u n i d i r e c t i o n a l  
unpyrolyzed r e s in -ma t r ix  composites and i s  less than  t h e  t h e o r e t i c a l  a v a i l -  
a b l e  s t r e n g t h  from t h e  r e i n f o r c i n g  f i b e r s .  F i b e r  damage, vo ids ,  low i n t e r -  
f a c i a l  bond o r  a b r i t t l e  b inder  a re  f a c t o r s  t h a t  reduce t e n s i l e  s t r e n g t h .  
A l s o ,  t e n s i l e  s t r e n g t h  does n o t  cor respondingly  i n c r e a s e  as f i b e r  volume 
inc reases .  The r e i n f o r c i n g  f i b e r s  tend t o  be  less e f f e c t i v e  s t r eng then ing  
agen t s  as t h e  volume inc reased  above 60%. Vendor d a t a  on a 50 x 106 p s i  
(34.4 x lo4 MN/m2) modulus g r a p h i t e  y a r n  r e p o r t s  a 143,600 p s i  (9 .9  
x L O 2  MN/m2) t e n s i l e  s t r e n g t h  a t  60% f i b e r  volume i n  a u n i d i r e c t i o n a l  
epoxy composi te . (5)  The f i b e r  had a 310,000 p s i  (23.1 x 102) t e n s i l e  
which g i v e s  approximately 80% of t h e  t h e o r e t i c a l  f i b e r  s t r e n g t h  i n  t h e  
f i n i s h e d  composite.  

Since t h e  t e n s i l e  s t r e n g t h  of unpyrolyzed r e s in -ma t r ix  composi tes ,  r e in fo rced  
w i t h  g r a p h i t e  f i b e r s ,  show a s t r e n g t h  r educ t ion  from t h e  p red ic t ed  p r o p e r t i e s ,  
it would be  expected t h a t  similar composi tes ,  i n  t he  pyrolyzed c o n d i t i o n ,  
might a l s q  show t h e s e  s t r e n g t h  degrada t ions .  Furthermore,  carbon c h a r s  are 
weaker than  epoxy r e s i n ,  s o  t h a t  t h e i r  c o n t r i b u t i o n  as ma t r ix  m a t e r i a l  
would even be  less. The f a c t  t h a t  t h e  carbon i s  weaker may be a l lowab le  
however, s i n c e  t h e  func t ion  of t h e  m a t r i x  i n  t h e s e  composite monofilaments 
w i l l  be  t o  hold t h e  f i b e r s  t oge the r  and as long a s  t h e  shea r  s t r e n g t h  of 
t h e  cha r  i s  s u f f i c i e n t  t o  t r a n s f e r  t h e  loads  from f i b e r  t o  f i b e r ,  i t  w i l l  
a l l ow t h e  composite monofilament t o  a c t  as a s i n g l e  element.  
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3 .  MATERIALS 

3.1 Background 

The high modulus p o l y a c r y l o n i t r i l e  (PAN) precursor  g r a p h i t e  f i b e r s  and 
t h e  high modulus rayon precursor  f i b e r s  s ta r t  as d i f f e r e n t  chemical 
compositions and a r e  processed i n  completely d i f f e r e n t  manners. Y e t ,  
t h e  f i n a l  s t r u c t u r e  o t h e r  t h a n  c r o s s  s e c t i o n a l  shape appears i d e n t i c a l .  
There a r e  important s imilar i t ies  between t h e  two which a r e  probably 
s t r o n g  f a c t o r s  i n  determining s t r u c t u r e .  Both can be pyrolyzed without  
mel t ing.  ,Both are h i g h l y  o r i e n t e d  be fo re  py ro lyza t ion .  Both a r e  s t r e t c h e d  
during processing t o  i n c r e a s e  t h e  o r i e n t a t i o n  of t h e  c r y s t a l l i t e s .  The 
PAN precur so r  does not have a s p e c i f i c  s t r e t c h i n g  s t e p  l i k e  t h e  rayon 
precursor  f i b e r s ,  but  i s  s t r e t c h e d  by sh r ink ing ,  while  cons t r a ined ,  du r ing  
p reox ida t ion .  

The r e c e n t  suggested s t r u c t u r e s  of both high modulus precursor  f i b e r s  a r e  
a s e r i e s  of long i n t e r l o c k i n g  g r a p h i t e - l i k e  r ibbons t h a t  a r e  g e n e r a l l y  
a l igned  w i t h  t h e  a x i a l  d i r e c t i o n  of f i b e r ,  but may be as much as 25' from 
a t r u e  para l le l  o r i e n t a t i o n .  There i s  no evidence of bonding between 
ad jacen t  r ibbons ,bu t  t h e  i n t e r l o c k i n g  r ibbons do j o i n  and form continuous 
l inkages t o  c o n t r i b u t e  t o  t h e  high f i b e r  s t r e n g t h  and modulus. 
i s  not completely s o l i d .  S m a l l  needle  l i k e  pores,  20 t o  30 2 wide and 
g r e a t e r  t han  3 0 0 8  long, a r e  formed between some of t h e  r ibbons and a r e  
o r i e n t e d  p r e f e r e n t i a l l y  a long t h e  f i b e r  a x i s .  The pores a r e  complete1 
i n a c c e s s i b l e  t o  helium so a r e  w e l l  s e a l e d  from any s u r f a c e  

The s t r u c t u r e  

The r ibbon s t r u c t u r e  i s  s t i l l  c o n s i s t e n t  w i th  t h e  e a r l i e r  concept of 
h igh ly  c r y s t a l l i n e  carbon polymer f i b r i l s  forming w i t h i n  t h e  f i b e r s  a t  
t h e  expense of t h e  amorphous carbon phase. (9) 
f i b r i l s  and t h e  i n t e r l o c k i n g  t o  form a high s t r e n g t h  s t r u c t u r e  i s  ex- 
plained b e t t e r  by l a t e s t  i deas .  I n s t e a d  of d i s c r e t e  g r a p h i t e - l i k e  c r y s t a l s  
he ld  t o g e t h e r  by a combination of amorphous carbons and poss ib ly  some 
type  chemical bonding between c r y s t a l s  a t  t h e  edges of t h e  laminae, t h e  
r ibbons are continuous along t h e  length.  Random blending and s p l i t t i n g  
of t h e  r ibbons occurs ,  but t h e  c o n t i n u i t y  of t h e  r ibbons i s  maintained. 
The i n c r e a s e  i n  f i b e r  t e n s i l e  and modulus a f t e r  temperature exposures of 
4500' t o  5400°F (2760-3260°K) and a d d i t i o n a l  s t r e t c h i n g  a t  temperature i s  
explained by a s t r a i g h t e n i n g  of t h e  r i b b o n s . ( g )  The e f f e c t  of s t r a i g h t -  
ening i s  t o  i n c r e a s e  alignment w i t h  r e s p e c t  t o  load, reduce t h e  voids  
and t o  combine t h i n n e r  r ibbons i n t o  t h i c k e r  r ibbons.  

The na tu re  of t h e  

Another change i n  concepts brought ou t  by t h e  r e c e n t  s t u d i e s  on s t r u c t u r e  
i s  t h a t  t h e  f i b e r s  a r e  not g r a p h i t e  nor a r e  they g r a p h i t i ~ a b l e . ( ~ $ l ~ )  The 
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pyro lyza t ion  does form g r a p h i t e - l i k e  l a y e r s  i n  p a r a l l e l  groups, but  t hey  
a r e  not o r i e n t e d  i n  t h e  c r y s t a l l i n e  s t r u c t u r e  of g r a p h i t e .  Heat t r ea tmen t  
and s t r e t c h i n g  i n c r e a s e  t h e  o r d e r ,  p r e f e r r e d  o r i e n t a t i o n  and c r y s t a l l i t e  
s i z e .  
compared t o  3.354 8 f o r  g r a p h i t e .  

However, t h e  o r d e r  appears l i m i t e d  t o  c - l aye r  spacing of 3 .44 8, 

Five commercially a v a i l a b l e  high-modulus g r a p h i t e  f i b e r s ,  two rayon pre- 
c u r s o r  and t h r e e  PAN precur so r ,  were considered as reinforcement f o r  t h e  
carbonized composite f i l amen t s .  -They were Thornel-50 (Union Carbide) ,  
HMG-50 ( H i t c o ) ,  F o r t a f i l  5P, (Great Lakes Carbon), Modmor I (Morganite),  
and Modmor I1 (Morganite).  The d e s c r i p t i o n ,  p r o p e r t i e s  and t h e  designa- 
t i o n s  used t o  i d e n t i f y  t h e  f i b e r s  i n  t h e  rest  of t h e  r e p o r t  are l i s t e d  i n  
Table I. 

The f a b r i c a t i o n  of bulk carbon and g r a p h i t e  products i s  a form of composite 
prepared w i t h  an o rgan ic  b inde r ,  t hen  converted t o  a carbonaceous binder  
by p y r o l y s i s .  
l a t e  coke, carbon o r  g r a p h i t e  and molded t o  shape. 
while  t h e  molded products a r e  packed i n  carbon t o  support  and p r o t e c t  
them from o x i d a t i o n  du r ing  p y r o l y s i s .  

The o rgan ic  b inde r s  are h igh ly  f i l l e d  wi th  a f i n e  p a r t i c u -  
P y r o l y s i s  i s  conducted 

A l a r g e  number of polymeric m a t e r i a l s  have been i 
precursor  b inde r s  f o r  bulk carbonaceous products (?'I) but only two types 
a r e  commonly used. Most a r e  made from a c o a l  t a r  p i t c h  o r  an a c i d  
a c c e l e r a t e d  f u r f u r y l  a l coho l  w i th  t h e  c o a l  t a r  p i t c h  as t h e  most common. 
The p o r o s i t y  and weight l o s s  from t h e  p y r o l y s i s  a r e  reduced by reimpreg- 
n a t i o n  wi th  f u r f u r y l  a l coho l  and r epyro lyza t ion .  The very low v i s c o s i t y  
and high cha r  y i e l d  of t h e  100% f u r f u r y l  a l coho l  l i q u i d  make i t ,  poss ib ly ,  
t h e  only reimpregnation system i n  use.  

e s t i g a t e d  a s  p o s s i b l e  

The long f i b e r ,  i . e . ,  f a b r i c ,  ya rn  o r  tow, r e i n f o r c e d  carbonaceous com- 
p o s i t e s  have been molded wi th  the rmose t t i ng  r e s i n s ,  l i k e  t h e  s t r u c t u r a l  
r e i n f o r c e d  p l a s t i c s ,  r a t h e r  t h a n  t h e  the rmop las t i c  p i t c h e s .  Phenol ics ,  
epoxies and f u r f u r y l  a l coho l  a r e  t h e  p r i n c i p a l  r e s i n s  i n  c u r r e n t  p r a c t i c e s .  (2) 
S i m i l a r  t o  t h e  bu lk  carbonaceous products ,  f u r f u r y l  a l coho l  i s  t h e  reim- 
pregnat ion material. I n  some a p p l i c a t i o n s  t h e  f u r f u r y l  a l coho l  has  been 
modified by o t h e r  polymers, bu t  it remains t h e  major c o n s t i t u e n t .  

Some c o a l  t a r  p i t c h e s  have char  y i e l d s  over 80%. Combinations of t h e s e  
p i t c h e s  and long carbon f i b e r  re inforcements  have not produced t h e  high 
cha r s  expected. The h igh  char  y i e l d s  of t h e  p i t c h e s  were measured on 
mixtures of b inde r  and coke. The i n i t i a l  gaseous decomposition products 
f u r t h e r  decompose t o  carbon on con tac t  w i th  t h e  hot carbon p a r t i c l e s .  
Carbon f i b e r s  do not a c t  l i k e  t h e  carbon p a r t i c l e s  and char  y i e l d s  were 
between 50 and 60%, not 8W%, 

The ca rbon iza t ion  of o rgan ic  polymers i s  considered a type of polymeriza- 
t i o n .  The carbon t o  carbon bonds i n c r e a s e  du r ing  decomposition t o  form 
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high molecular weight carbon polymers. The two major c l a s s i f i c a t i o n s  of 
carbons a r e  g r a p h i t i c  and non-graphi t ic .  Most polymers form non-graphi t ic  
carbons.  Polymers must go through a f u s i o n  s t a t e  du r ing  ca rbon iza t ion  
t o  form g r a p h i t e  and t h e  f u s i o n  must occur  over  a temperature range.(12)  
M a t e r i a l s  t h a t  f u s e  a t  a s i n g l e  temperature ,  e .g . ,  c e l l u l o s e  t r i a c e t a t e ,  
do not form g r a p h i t e  carbons.  Highly c ros s - l inked  polymers, such as 
phenol ics ,  do not form g r a p h i t e  carbons.  Other examples of polymer pre- 
cu r so r s  f o r  nongraph i t i c  carbon a r e  c e l l u l o s e ,  PAN, f u r f u r y l  a l coho l  and 
polyvinyl idene c h l o r i d e ,  D e n s i t i e s ,  a f t e r  exposure t o  temperatures  
above 4532'F (2773OK), a r e  1.4 t o  1.5 gm/cc, 
g r a p h i t e s  can be formed from polyvinyl  c h l o r i d e ,  polyvinyl  a c e t a t e  o r  
polyacenaphthylene. These polymers f u s e  du r ing  ca rbon iza t ion  and form 
carbons w i t h  d e n s i t i e s  of 1.8 t o  2.0 gm/cc, a f t e r  exposure t o  temperatures  
above 4532'F (2773'K). The polyvinyl  c h l o r i d e  has been i n v e s t i g a t e d  t h e  
most d e t a i l  and it  forms a the rmop las t i c  p i t c h  du r ing  t h e  i n i t i a l  s t a g e s  
o f  py ro lyza t ion  ( f u s i o n ) ,  similar i n  appearance t o  t h e  c o a l  t a r  p i t c h e s .  

Other than c o a l  t a r  p i t c h e s ,  

The d e s c r i p t i o n s  of t h e  cand ida te  p recu r so r  b inde r s  f o r  t h e  program a r e  
a s  fol lows:  

1. Fur fu ry l  a l coho l .  A low v i s c o s i t y  monomer t h a t  polymerizes 
v i o l e n t l y  wi th  mineral  a c i d s .  S m a l l  q u a n t i t i e s  o r  s o l u t i o n s  can 
be handled w i t h  s a f e t y  i f  not  hea t ed .  I n  most of t he  work, 
5 parts  by volume of concen t r a t ed  phosphoric a c i d  d i l u t e d  50% 
wi th  water  was used as t h e  a c c e l e r a t o r .  The q u a n t i t i e s  mixed 
a t  one t ime were always l e s s  t h a n  20 grams. The amount of m a t e r i a l  
picked up by a s i n g l e  bundle of g r a p h i t e  f i b e r s  was so small  per 
u n i t  l eng th  no problem on excess ive  cure r a t e s  was encountered. 

2. Epoxy novolac - f u r f u r y l  a l coho l .  A blend of a semi-sol id  
po lyg lyc idy l  e t h e r  of phenol formaldehyde novolac and f u r f u r y l  
a l c o h o l ,  R a t i o  of 1:4 by weight w a s  blended i n  most experiments.  
Boron trifluoride/monoethyleneamine complex a t  3 p a r t s  per 100 
p a r t s  of  epoxy novolac were used as an  a c c e l e r a t o r  f o r  t h e  
epoxy novolac. The f u r f u r y l  a l coho l  was a c c e l e r a t e d  w i t h  t h e  
50% phosphoric a c i d .  

3. - P I .  A low molecular weight polyimide prepolymer t h a t  can be 
imidized a t  325'F (435OK) befo re  f i n a l  molding and cu r ing .  
The r e s i n  i s  supp l i ed  as 40% s o l u t i o n  i n  demethyl formamide. 

4. 3- A polyphenylene-quinoxaline copolymer. Supplied a s  a 
h i g h - v i s c o s i t y  20% s o l u t i o n  i n  metacresol .  Incompatible wi th  
a l l  t h e  common s o l v e n t s  except L i m i t  q u a n t i t i e s  of aromatic  
hydrocarbons, 
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5. PAN homopolymer. A continuous f i b e r  ya rn ,  Dissolved i n  ho t  
dimethyl formamide t o  o b t a i n  an impregnating s o l u t i o n .  

6.  PAN copolymer. A high a c r y l o n i t r i l e / a c e t a t e  s t a p l e  yarn 
d i s so lved  i n  hot  dimethyl formamide t o  o b t a i n  an  impregnating 
s o l u t i o n .  

7 .  Phenol ic .  A high char  phenol ic  s o l u t i o n  i n  methylethyl  ketone 
so lven t  LI 

3.2 P re l imina ry  Materials Evaluat ion 

Char y i e l d s  were determined on t h e  d r i e d  and f u l l y  cured candidate  p r e -  
cu r so r  b inde r s  by c h a r r i n g  a t  1382OF (973OK). 
placed on g r a p h i t e  blocks i n  a t ube  furnace wi th  a low flow of d r g  n i t r o -  
gen. 
i n  two hours and held a t  temperature  f o r  t h r e e  hours .  Percentage char  
y i e l d s  were; 

The r e s i n  c a s t i n g s  were 

The temperature  was inc reased  from room temperature  t o  1382 F (973'K) 

1. F u r f u r y l  a l coho l  55% 
2. Epoxy novo lac - fu r fu ry l  a l coho l  53% 
3 .  P I  5 7% 
4. PQ 7 7% 
5. PAN - homopolymer I 48% 
6.  PAN - co-polymer 42% 
7.  Pheno l i c  5 8% 

The PQ char  had l a r g e  b l i s t e r s  but t h i n  s e c t i o n s  were s o l i d  and t h e  char  
was t h e  most r e s i s t a n t  t o  breaking of a l l  t h e  cha r s  formed. The P I  char  
w a s  not q u i t e  as tough a s  t h e  PQ c h a r  and developed a uniform s t r u c t u r e  
wi th  f i n e  s u r f a c e  c racks  on t h e  e x t e r i o r .  Both f u r f u r y l  a l coho l  cha r s  
were comparable i n  toughness and s l i g h t l y  more e a s i l y  broken t h a t  t h e  P I  
char .  The epoxy novolac modified r e s i n  was f r e e  of b l i s t e r s .  The s t r a i g h t  
f u r f u r y l  a l coho l  char  had a d u l l  appearance,  i n  c o n t r a s t t o  t h e  g l a s s y  
appearance of t h e  o t h e r  c h a r s ,  and developed some b l i s t e r s .  
were t h e  weakest.  Th i s  was expected because they  were not preoxidized,  
as t h e  f i b e r s  are,  p r i o r  t o  py ro lyza t ion .  The PAN co-polymer char  was 
porous as w e l l  a s  weak. The phenolic char  was badly b l i s t e r e d  al though 
it  appeared s t r o n g .  

The PAN cha r s  

The i n i t i a l  composite f i l amen t s  were prepared t o  determine t h e  gene ra l  
forming c h a r a c t e r i s t i c s  and handl ing p r o p e r t i e s  of both t h e  f i b e r  bundles 
and t h e  precursor  b inde r s .  Hor i zon ta l  one-ply s t r a n d s  of t h e  g r a p h i t e  
f i b e r s  were s t r e t c h e d  over round b a r  suppor t s  and impregnated wi th  a 
1.5% s o l u t i o n  of polyvinyl idene c h l o r i d e  i n  methylethyl  ketone. The f a s t  
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dry ing  and high shr inkage of t h e  s o l u t i o n  gave a quick check on t h e  
forming p r o p e r t i e s .  The P-1-50 was t h e  b e s t  of t h e  yarns .  A s i n g l e  ply 
was easy t o  s e p a r a t e  from t h e  yarn and it forms an almost round composite 
f i lament  .009 - .010 inch  (22.9 - 25.4 x 10-2nun) i n  diameter.  The R-2-50 
was as good, but  t h e  e x t r a  t w i s t  made it  ha rde r  t o  s e p a r a t e .  The PS 
s tap le  yarn d i d n ' t  compact w e l l  and t h e  yarn bundle formed a fuzzy 
f i lament  .015 inch (38 x 10m2mrn) i n  diameter .  
tendency t o  r e t a i n  t h e  c u r l  of t h e  spoo l ,  from which it  was removed, 
i n c r e a s i n g  t h e  s u s c e p t i b i l i t y  t o  breaking.  

Also,  t h e  PS yarn had a 

Using 2 inch  (5.08 mm) g r a p h i t e  pu l l eys  wi th  an approximate . O l O  inch 
(25.4 x 10-2nun) grove, R-1-50 w a s  h o r i z o n t a l l y  s t r e t c h e d  a t  150 gram 
t e n s i o n .  One p ly  bundles of yarn were impregnated wi th  t h e  cand ida te  
binders  and pyrolyzed. The impregnated f i b e r  bundles were d r i e d  by hot 
a i r  o r  passing an  e l e c t r i c a l  c u r r e n t  through t h e  bundle. Py ro lyza t ion  
was accomplished by passing through a tube  furnace under d ry  n i t r o g e n .  
The r a t e  through t h e  tube was 3 f t /min  ( .914 m/min). 

A l l  pyrolyzed f i l amen t s  broke under s l i g h t  bending w i t h  jagged f r a c t u r e s ,  
t y p i c a l  of a composite w i t h  poor b inde r  q u a l i t y .  
and py ro lyza t ion  of t h e  f i l amen t s  w i th  t h e  i n i t i a l  binder  were t r i e d  on 
each f i lament  but  no improvements were n o t i c e d .  The P I  r e s i n  was impreg- 
nated a t  27% s o l i d s  and slowly d r i e d .  The f i lament  appeared sound and 
approximately round. The PQ r e s i n  reduced t o  11% s o l i d s  i n  to luene ,  
b l i s t e r e d  du r ing  pyrolyzat ion,  even a f t e r  a 500°F (533'K) drying.  The 
cured phenol ic  badly b l i s t e r e d  during py ro lyza t ion  and formed an i r r e g -  
u l a r  shaped f i l amen t .  The PAN homopolymer s o l u t i o n  a t  5% s o l i d s  formed a 
s k i n  on t h e  e x t e r i o r  of t h e  f i b e r  bundle wi th  l i t t l e  p e n e t r a t i o n  t o  t h e  
i n t e r i o r  f i b e r s .  Mul t ip l e  impregnations p r i o r  t o  pyrolyzat ion d i d  not 
i n c r e a s e  t h e  f i b e r  p e n e t r a t i o n .  

Add i t iona l  reimpregnations 

The f u r f u r y l  a l coho l  i n  t h e  f i r s t  s e r i e s  f i l amen t s  w a s  cured wi th  maleic 
ac id  i n s t e a d  of phosphoric a c i d .  Maleic a c i d  cures  a r e  much slower than  
t h e  phosphoric and h e a t i n g  t o  250°F (394'K) was needed t o  o b t a i n  cures. 
A t  250°F (394OK) f u r f u r y l  a l coho l  has a vapor p re s su re  equal  t o  125 mm m e r -  
cu ry . ( l3 )  The s t r a i g h t  f u r f u r y l  a l coho l  had a tendency t o  b l i s t e r  and 
both t h e  s t r a i g h t  and t h e  epoxy novolac modified f u r f u r y l  a l coho l  l o s t  
cons ide rab le  binder  du r ing  cure.  The small amount o f  binder  m a t e r i a l  and 
t h e  r e l a t i v e l y  l a r g e  s u r f a c e  area of t h e  f i l amen t s  made v o l a t i l i z a t i o n  
during c u r e  a much more s e r i o u s  problem than i t  i s  i n  t h e  convent ional  
process  a s s o c i a t e d  w i t h  t h e  f a b r i c a t i o n  of larger-mass composite s t r u c t u r e s .  
A 20 gram sample of maleic a c i d  a c c e l e r a t e d  epoxy novo lac - fu r fu ry l  a l coho l  
l o s t  70% weight i n  a c u r e  a t  260°F ( 4 0 0 O K ) .  
f u r f u r y l  a l c o h o l ,  w i th  o r  w i thou t  t h e  epoxy novolac,  produced round appear- 
ing pyrolyzed f i l a m e n t s  low i n  f l e x u r a l  s t r e n g t h  l i k e  t h e  o t h e r  b inde r s .  

The low binder  con ten t  of 
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More du rab le  f i l amen t s  were made, w i t h  t h e  maleic a c i d  a c c e l e r a t e d  epoxy 
novolac- fur fury l  a l c o h o l  b inde r ,  by us ing  t h r e e  impregnation and pyrolyza- 
t i o n  c y c l e s  and a slower s tepwise c u r e  be fo re  t h e  pyro lyza t ions .  The 
cu res  covered a 24 hour per iod i n  5 s t e p s  and reached 350°F (450OK). The 
f i n a l  f i l amen t s  would e a s i l y  t a k e  a 4 inch  (10.2 c m )  r a d i u s  bend. When 
they  d i d  f a i l ,  t h e  break  was a sharp  f r a c t u r e .  By switching t o  t h e  phos- 
phor ic  a c i d  cu re  f o r  f u r f u r y l  a l coho l ,  a comparable q u a l i t y  f i lament  
could be obta ined  wi th  one minute c u r e s  a t  265'F (403'K). The phosphoric 
a c i d  would a l s o  c u r e  a t  room tempera ture  i n  8 hours .  The improved 
f i l amen t s  were about .010 inches  (25.4 x 10- mm) i n  diameter  and uniform 
i n  appearance.  
vo ids  and r e s i n  r i c h  a r e a s  were seen when t h e  c r o s s  s e c t i o n s  were examined 
under a microscope. 

4 
There was no e x t e r i o r  evidence o f  b l i s t e r i n g  but  l a r g e  
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4 .  COMPOSITE FILAMENT FABRICATION 

The i n i t i a l  f i l ament  f a b r i c a t i o n  emphasis was placed on methods t h a t  could 
be adapted t o  cont inuous process ing  o r  t o  bu lk  q u a n t i t i e s  of m a t e r i a l .  
E s s e n t i a l l y ,  t h e  f i l amen t s  were formed wi thout  p re s su re  o r  a forming mold. 
Whi le  t h e  experiments were a c t u a l l y  conducted under s t a t i c  cond i t ions ,  
t h a t  i s ,  t h e  f i b e r  bundles were he ld  s t a t i o n a r y ,  t h e  procedures could be ,  
wi thout  t o o  much development, sc.aled up t o  handle  long lengths  of  f i l amen t .  
Most of t h e  work used a s i n g l e  p ly  of R-1-50as t h e  f i b e r  bundle.  A s i n g l e  
p ly  of t h i s  re inforcement  could be uniformly and e a s i l y  sepa ra t ed  i n  long 
cont inuous l eng ths  and $ne p ly  formed a composite f i lament  approximately 
.010 inches  (25 .4  x 10- mm).  Some f i l amen t s  were prepared w i t h  f i b e r s  
from t h e  P-1 tow t o  eva lua te  t h e  f i lament  forming q u a l i t i e s  of  round f i b e r  
a g a i n s t  t h e  c renu la t ed  shape of  t h e  rayon precursor  f i b e r s .  The f i r s t  
f i l amen t s  w i t h  t h e  P-1 f i b e r s  appeared t o  be an  improvement but  subsequent 
runs  were not  a s  uniform as t h e  f i l amen t s  r e i n f o r c e d  wi th  R-1-50 .  

The even tua l  requi.rement of  long cont inuous l eng ths  was a l s o  a re- 
s t r i c t i o n  on t h e  h igh  char  b inde r s  t h a t  could be used.  Consequently,  t h e  
f u r f u r y l  a l c o h o l  t ypes  of  r e s i n s  a r e  t h e  s i m p l e s t  t o  use arid were t h e  p r e -  
dominant b inde r s  f o r  t h i s  p a r t  of  t h e  composite f i lament  development. 
Some f i l amen t s  were prepared w i t h  t h e  polyquinoxal ine r e s i n  (PQ). 
The high cha r  conten t  and tough dense cha r  formation made i t  an a t t r a c t i v e  
precursor  b inde r ,  but  t h e  poor process ing  p r o p e r t i e s  prevented uniform 
c o n s o l i d a t i o n  of  t h e  f i b e r  bundle.  

The e f f o r t  on forming techniques ,  t h a t  could  be  used t o  prepare long - 

cont inuous  l eng ths  o f  composite f i l amen t s ,  produced f i l amen t s  worth t e s t -  
i n g  from on ly  one system of  t h e  R-1-50 yarn  and t h e  f u r f u r y l  a l coho l  t ype  

b inde r s .  
t h a t  compression molded s h o r t  l eng ths  of  t h e  composite f i lament .  The pro- 
cess was t e d i o u s ,  bu t  uniform small f i l a m e n t s  could be  molded t o  shape i n  
t h e  same manner a s  t h e  l a r g e r  compression molded a r t i c l e s .  

To compare o t h e r  f i b e r s  and b inde r s  a technique  was worked ou t  

The  f i r s t  pyro lyza t ion  i n  a g raph i t e l ca rbon  composite t y p i c a l l y  produces a 
weak char  w i t h  numerous small  vo ids .  Reimpregnation and r e c h a r r i n g  a r e  
needed t o  i n c r e a s e  cha r  d e n s i t y  and s t r e n g t h .  F u r f u r y l  a l coho l  monomer i s  
t h e  usua l  reimpregnant because i t  i s  low enough i n  v i s c o s i t y  t o  pene t r a t e  
t h e  char red  s t r u c t u r e .  S i m i l a r l y ,  r e g a r d l e s s  o f  t h e  i n i t i a l  r e s i n  b inde r ,  
t h e  low v i s c o s i t y  f u r f u r y l  a l coho l  monomeric b inde r s  were used f o r  a l l  
reimpregnat ion.  

P rogres s  on t h e  f i l amen t  forming was checked by photomicrographs o f  t h e  
f i l amen t  c r o s s  s e c t i o n s .  
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4 . 1  Filaments Formed Without P r e s s u r e  

The i n i t i a l  m a t e r i a l s  e v a l u a t i o n  had shown t h a t  t h e  processing c h a r a c t e r -  
i s t i c s  of t h e  high char  precursor  b inde r  were more important t o  g r a p h i t e  
f i b e r  r e i n f o r c e d  composite f i lament  formation t h a n  char  p r o p e r t i e s  and 
char  y i e l d .  S t a r t i n g  w i t h  one ply o f  t h e  R-1-50 ya rn  and f u r f u r y l  a l coho l  
a c t i v a t e d  w i t h  phosphoric a c i d ,  composite f i l amen t s  were formed and 
pyrolyzed by d i f f e r e n t  r o u t e s  t o  s tudy  t h e  e f f e c t s  of varying process 
procedures.  

Glass t u b i n  s were drawn 
(25.4 x 10 mm) and .008 inch (20.3 x mm) d iameter  o r i f i c e s .  About 
3 meters of an impregnated ya rn  s t r a n d  were pu l l ed  through each o r i f i c e  
t o  meter t h e  amo n t  of r e s i n  and shape t h e  f i b e r  bundle.  Only t h e  .015 
inch (38 .1  x lo-' mm) o r i f i c e  permit ted t h e  f i b e r s  t o  be pul led through 
without  damage. Both t h e  .010 (2.54 x mm) i nch  and .008 inch  (20.3 x 
lo'* mm) c o l l e c t e d  loose f i b e r s  on t h e  upstream s i d e  and blocked t h e  
o r i f i c e  opening, causing t h e  prepreg yarn t o  break. Changing from a 
shallow t o  a high taper  leading t o  t h e  reduced tub ing  c r o s s  s e c t i o n  d i d  
not overcome t h e  tendency t o  block t h e  sma l l e r  o r i f i c e s .  
f i b e r s  are  t y p i c a l  of g r a p h i t e  yarns  and tows but  i t  was be l i eved  t h e  
f u r f u r y l  a l coho l  would a c t  l i k e  a heavy s i z e  and prevent t h e  f i b e r s  from 
breaking o f f .  

down t o  ,015 inch  (38.1 x 10-2mm) , .010 inch -5 

Frequent broken 

Simple h o r i z o n t a l  s t r e t c h i n g  t h e  yarn s t r a n d s  over  grooved g r a p h i t e  r o l l e r s  
a t  150 grams t e n s i o n  and impregnating by wicking f u r f u r y l  a l coho l  along 
t h e  yarn,  produced f i l amen t s  t h a t  would e a s i l y  t a k e  a 4-inch (10.2 cm)  
r a d i u s  bend a f t e r  py ro lyza t ion  without  breaking.  Figure 1 i s  a R-1-50 
r e i n f o r c e d  f i l amen t  prepared i n  t h i s  manner. Three impregnations and 
py ro lyza t ion  cyc le s  were used. 
e x t e r i o r  of t h e  f i b e r  but  not shown i n  t h e  photograph. The l a r g e  voids  
i n d i c a t e d  an i n e f f e c t i v e  compaction du r ing  cu re .  Without some means of 
f o r c i n g  t h e  f i b e r s  t o g e t h e r ,  t h i s  should be expected.  

Some b l i s t e r i n g  w a s  v i s i b l e  on t h e  

The l a r g e  white  s p o t s , s e e n  i n  t h e  photograph, a r e  pockets f i l l e d  with t h e  
aluminum oxide p o l i s h i n g  a b r a s i v e .  The pockets a re  most l i k e l y  vo ids  
exposed du r ing  po l i sh ing .  The b l ack  s p o t s  a r e  be l i eved  t o  be r i c h  a r e a s  
of pyrolyzed b inde r .  The f i b e r  f r e e  grey a r e a s  are be l i eved  t o  be vo ids  
t h a t  f i l l e d  wi th  r e s i n  du r ing  t h e  mounting process .  

I n c r e a s i n g  t e n s i o n  du r ing  impregnation and cu re  i n c r e a s a l t h e  p e r i p h e r a l  
i r r e g u l a r i t y  without  reducing voids .  
t o  a s s u r e  complete f i l l i n g  of i n t e r s t i c e s  between f i b e r s  and cu r ing  under 
high t e n s i o n  gave almost t h e  same r e s u l t s  as high s t r a n d  t e n s i o n  f o r  t h e  
e n t i r e  procedure. 

Reducing t e n s i o n  during impregnation, 

Inc reas ing  t w i s t ,  p r i o r  t o  impregnation and cure reduced t h e  s i z e  of t h e  
vo ids ,  bu t  t h e  number of voids  and p e r i p h e r a l  i r r e g u l a r i t y  inc reased .  
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f i lament  a p a r t .  Figure 4 shows t h e  badly 
h a t  any t h i c k  binder  overcoa t ing  on unpyrol 
k and o p e n  up t h e  f i b e r  bundle du r ing  pyrol  
e pronounced w i t h  t h e  PQ r e s i n .  
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F I G U R E  7 .  PYROLYZED P - ~ / A D V A N ~ ~ D  FCRFURYL ALCOHOL, 
30 gram t e n s i o n ,  1-112 t w i s t / i n c i i ,  LOOX. 



FIGURE 8. PYROLYZED P-I/ADVANCED FURFURYL ALCOHOL, 
30 gram t e n s i o n ,  3 t w i s t s  per inch, 1OOX. 

The t w i s t  i nc reased  t h e  c r o s s  s e c t i o n  i r r e g u l a r i t y  and cracking although 
t h e  h ighe r  t w i s t  d id  i n c r e a s e  compaction i n  t h e  inne r  po r t ion  of t h e  
filament. 

The f i l a m e n t s  i n  Figure 9 were prepared by combining t w i s t  and t e  
P - 1  f i b e r  bundles a f t e r  impregnation. The procedure produced i n c  

d badly cracked f i l a m e n t s ,  The t w i s t i n g  fo rced  excess  r 

l o c a l i z e d  shr inkage of t h e  r e s i n  d r o p l e t s ,  du r ing  py ro lyza t ion ,  may be t h e  
reason t h e  f i l a m e n t s  s p l i t  open so badly.  

s u r f a c e  of t h e  f i l amen t  where it formed small d r o p l e t s .  The h i  

R-1-50  r e i n f o r c e d  f i l amen t s  formed i n  t h e  same manner, a s  t h e  s e r i e s  of 
f i lament  u s i n g  P-1 f i b e r s ,  gave e s s e n t i a L l y  t h e  same r e s u l t s .  The R-1-50  
were more uniform and much e a s i e r  t o  use ,  and round f i b e r s  o f f e r e d  no 
advantage. 
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1.5 twists per inch 

ter  f i l a m e n t s  were formed by low t e n s i o n ,  i 

ould d e t r a c t  from t h e  p r o p e r t i  

e r  t han  untwisted f i b e r  f i l amen t s .  When t h e  c 
aced i n  a bend, t h e  t w i s t e d  f i b e r  f i l amen t s  co 

ss f o r c e  and they u s u a l l y  broke be fo re  reaching a 4 i n  . 
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Mechanical f i l amen t  forming was attempted by p u l l i n g  R-1-50 f i b e r s  over and 
under a series of pu l l eys ,  w i th  a c c u r a t e l y  machined p rogres s ive ly  smaller 
semi -c i r cu la r  grooves. Graphi te  pu l l eys ,  2 inches (5.08 cm) i n  diameter 
were arranged according t o  Figure 11. 
was drawn through t h e  system under t ens ion .  A f t e r  t h read ing  and p u l l i n g  
through an  approximate a d d i t i o n a l  3 f e e t  (0.914 m ) ,  t h e  f i b e r s  were he ld  
s t a t i c a l l y ,  d r i e d ,  c a r e f u l l y  impregnated wi th  f u r f u r y l  a l coho l  and cured.  
The i n i t i a l  water impregnation a c t s  as a weak b inde r  t h a t  i s  e a s i l y  formed. 
The shape w i l l  remain even a € t e r . d r y i n g  if t h e  f i b e r s  a r e  not d i s t u r b e d .  

A water impregnated s t r a n d  of f i b e r  

1. 

c 

IO" 

- I- R- - 50 

I 
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J 

FIGURE 11. FILAMENT FORMING WITH 2 - I N C H  
GROOVED PULLEYS 
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S a m p l e s  were taken a t  t h e  s t a t i o n  p o i n t s  i n d i c a t e d  by t h e  arrows. Sketches 
of t h e  samples, F igu re  12, show t h e  sma l l e r  grooves form t h e  most i r r e g u l a r  
shape even though a w e l l  compacted f i l amen t  i s  t h e  s i z e  of t h e  s m a l l e s t  
groove used. An o v e r s i z e  groove is  t h e  b e s t  forming shape t o  use .  

Formed f i l amen t s  have been pyrolyzed from room temperature  t o  1318'F (1023'K), 
a time as s h o r t  as 2 minutes and a s  long as 6 hours .  I n i t i a l  c r ack ing  i n  
f u r f u r y l  a l coho l  b inde r  f i l amen t s  s tar ts  between 688 and 778'F (673' and 
723'K) and becomes p rogres s ive ly  more pronounced as t h e  temperature r i s e s  
t o  1318'F (1023'K). 
process ,  but obviously,  w i l l  c o n t r i b u t e  t o  c rack ing .  The longer cyc le s  
have reduced cracking,  bu t  t h e  improvement i s  minor f o r  cyc le s  longer 
than  2 hours .  

The s h o r t  c y c l e s  a r e  d e s i r a b l e  f o r  a continuous 

Other i d e a s  t h a t  d i d  not improve f i lament  un i fo rmi ty  were t h e  a d d i t i o n  of 
g r a p h i t e  powder t o  reduce b inde r  shr inkage,  c u r i n g  under 18 inches (45.8 cm) 

under 2 inches (5.08 cm) of a low me l t ing  bismuth a l l o y  t o  apply i s o s t a t i c  
p re s su re  during py ro lyza t ion .  The g r a p h i t e  w a s  added t o  f i b e r  as water 
d i s p e r s i o n  o r  a s  a d i s p e r s i o n  i n  f u r f u r y l  a l coho l .  The g r a p h i t e  a d d i t i o n s  
caused a breakup i n  t h e  f i l amen t s  r a t h e r  t han  a more compact s t r u c t u r e .  
The cu re  under mercury had s l i g h t l y  b e t t e r  shape than  a cure i n  a i r  but  
not enough t o  adopt as processing s t e p .  The py ro lyza t ion  i n  t h e  bismuth 
a l l o y  w a s  conducted a t  915'F (798'K) and t h e  degree of c r ack ing  was t h e  
same as a comparable s a m p l e  exposed t o  915'F (798OK) i n  n i t rogen .  

of mercury t o  a p p l y  a n  i s o s t a t i c  p re s su re  du r ing  cu re  and pyrolyzing 

F u r f u r y l  a l coho l  modified w i t h  an epoxy novolac, as t h e  i n i t i a l  impregnating 
r e s i n ,  and a low t e n s i o n  du r ing  cu re  formed a f i l amen t  w i th  low c rack ing  
and f a i r l y  uniform shape. The epoxy would be expected t o  i n c r e a s e  s u r f a c e  
t ens ion .  Higher s u r f a c e  t e n s i o n  should p u l l  t h e  f i b e r  bundle t o g e t h e r  and 
h e l p  form a more rounded shape. F igu re  13 shows t h e  f i n i s h e d  f i l a m e n t .  

The composite f i l a m e n t s ,  formed wi th  t h e  h ighe r  s u r f a c e  t e n s i o n  epoxy 
novolac modified f u r f u r y l  a l coho l ,  were improved i n  un i fo rmi ty  and s l i g h t l y  
reduced i n  s i z e  by drawing t h e  impregnated f i b e r s  through a small c i r c u l a r  
d i e .  Glass tub ing  was bent a t  a r i g h t  ang le  and drawn down t o  an  .008 inch 
(20.3 x mm) o r i f i c e .  The tube w a s  f i l l e d  w i t h  about 3 inches (7.62 cm) 
of r e s i n .  R-1-50 f i b e r s  drawn down v e r t i c a l l y  i n t o  t h e  l a r g e  end, through 
t h e  r e s i n  and h o r i z o n t a l l y  ou t  t h e  o r i f i c e  a t  15 grams t e n s i o n ,  formed 
uniform c i r c u l a r  c r o s s  s e c t i o n s  w i t h  on ly  a few small c racks .  The diameter 
of t h e  f i l a m e n t s ,  F i g  re 14, was about .008 inches (20.3 x loo4  mm) over  
.001 inch  (2.54 x 10 mm) sma l l e r  t han  t h e  free-formed f i l amen t s .  Keeping 
t h e  f i b e r  bundles completely immersed i n  t h e  r e s i n  on t h e  upstream s i d e  i s  
t h e  major d i f f e r e n c e  between t h e  s u c c e s s f u l  d i e  forming and t h e  unsuccessful  
e a r l i e r  a t t empt .  The d i e  forming, a s i m p l e  procedure,  was considered a . 
p r a c t i c a l  way t o  form long lengths  of a well-compacted uniform f i l amen t .  

-8 
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FIGURE 12 .  FILAMENTS F O M D  ON GRAPHITE PULLEYS, lOOX 
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4.2 Pressu re  Molding Filaments 

The 
b u t  
r e s  i 

r o l l i n g  and d i e  forming produced composite f i l amen t s  worth t e s t i n g ,  
t h e  r e s u l t s c o v e r  only one type  of f i b e r  re inforcement  and one type of 
.n b inde r .  A method was developed t h a t  would app ly  p re s su re ,  du r ing  

hea t  cu re ,  t o  a prepreg s t r a n d  i n  a narrow molding channel.  The f i n i s h e d  
f i l amen t s  were s h o r t  discont inuous l eng ths  but  long enough t o  t e s t  com- 
p a r a t i v e  t e n s i l e  p r o p e r t i e s .  

A s o f t  metal w i r e  w a s  placed over  t h e  molding channel and coined wi th  a 
h y d r a u l i c  p l a t t e n  press. The deformed metal compressed t h e  f i b e r  bundle 
t o  t h e  shape of t h e  channel.  Nickle  and s t a i n l e s s  wires were t o o  hard 
and d i d  not: co in  w e l l .  
w i th  dead s o f t  aluminum g i v i n g  t h e  b e s t  r e s u l t s  because it requ i r ed  t h e  
lowest f o r c e  t o  deform. 

S i l v e r ,  copper and aluminum coined s a t i s f a c t o r i l y  

Coining a round w i r e  over a narrow opening p r o j e c t s  a convex s u r f a c e  l i k e  
t h e  c r o s s - s e c t i o n  sketched i n  F igu re  17-A. The rounded s u r f a c e  f o r c e s  
t h e  f i b e r  bundles,  i n  an  i n c o n s i s t e n t  p a t t e r n ,  up along t h e  s i d e s  of t h e  
molding channel and produces an  i r r e g u l a r  f i l amen t  shape. Wire, p r e f l a t t e n  
be fo re  co in ing  l i k e  t h e  ske tch  i n  F igu re  17-B, p r o j e c t s  a f l a t  s u r f a c e  
i n t o  t h e  opening which w i l l  form a uniform shape. The f o r c e  used t o  c o i n  
t h e  aluminum was 3,000 t o  5,000 pounds per  l i n e a l  inch (5260 t o  8740 N / c m ) .  
Th i s  load i s  h ighe r  t han  necessary t o  deform t h e  aluminum~ but  i s  needed, 
w i t h  mechanical s t o p s  t o  keep t h e  deformation c o n s i s t e n t  a long t h e  l eng th .  

a .  Round b. F l a t t ened  

FIGURE 1 7 .  SHAPE CHANGE OF COINED ALUMINUM WIRES 
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The f i r s t  molded f i l amen t s  were formed i n  a 3-in. long (7.62 cm)  l ' V '  groove, 
.012 inches (30.3 x LOm3 cm)  deep, c u t  i n  t h e  s u r f a c e  of a f l a t  ground 
s t ee l  p l a t e .  The cured f i l amen t s  were t r i a n g u l a r  i n  c r o s s  s e c t i o n  and 
f a i r l y  uniform along t h e  length.  For longer f i l amen t s ,  more uniform 
shape w a s  d e s i r e d  and a th read  g r ind ing  wheel was used t o  c u t  t h e  groove. 
A 9-inch (22.8 cm)  s teel  p la te  w a s  used as t h e  base.  The grooves were 
uniform along t h e  l eng th ,  bu t  t h e  c r o s s - s e c t i o n s  were rounded a t  t h e  
bottom i n s t e a d  of t h e  sha rp  "V" c u t  i n  t h e  3-inch (7.62 cm) p l a t e .  The 
change i n  shape produced a ri-bbon-like molding about ,015 i nch  (28.1 x 
LOe3 cm) wide and -005 inch (12.7 x lom3 cm) t h i c k .  The f i l amen t s  were 
uniform and t h e  t e n s i l e  p r o p e r t i e s  w e r e  equa l  t o  o r  b e t t e r  t h a n  t h e  3-inch 
(7.62 cm)'moldings, Since t h e  o b j e c t i v e  of t h e  molding process was a 
method t o  form composite f i l amen t s  from more t h a n  one f i b e r  and one b inde r ,  
t h e  f l a t  shape s e r v e s  t h e  purpose as w e l l  as t h e  t r i a n g u l a r  shape. 

The 9-inch (22.8 cm) p la te  had 12 grooves but  s l i g h t  i n c o n s i s t e n c i e s  i n  
groove depth and t h e  high f o r c e  used t o  c o i n  t h e  aluminum w i r e  made it i m -  
p r a c t i c a l  t o  mold more t h a n  two f i l amen t s  a t  a t i m e .  The s teps  used were 
as fol lows:  

1. Clean t h e  grooves and coa t  w i t h  r e l e a s e  agen t .  

2. F l a t t e n  s t r a i g h t ,  ,065 inch (16.5 x LOm3 cm), aluminum wi re  
between s t ee l  plates  shimmed t o  .040. 

3. P l a c e  a preweighedamount of f i b e r  w i t h  a known amount of 
impregnating r e s i n  i n  molding grooves. 

4 .  Cover t h e  f i l l e d  grooves w i t h  t h e  f l a t t e n e d  aluminum wire .  

5. Cover t h e  wires w i t h  s tee l  t o p  p la te  shimmed t o  32 m i l s .  

6. P l a c e  t h e  assembly i n  a heated p l a t t e n  p r e s s  and a p p l y  100,000 
pounds load and hold u n t i l  cured. 

7. Remove t h e  assembly, cool  and s t r i p  t h e  molded f i l amen t s .  

The f i b e r  and r e s i n  combinations prepared were: 

1. R- l -50 / fu r fu ry l  a l coho l  

2 R- 1-50/P- 13N (po lyimide) 

3. R-1-50/NAV-P-10 (polyquinoxal ine)  
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4. P - I / f u r f u r y l  a l coho l  

5. P - I I / f u r f u r y l  a l c o h o l  

Impregnating a uniform prepreg bundle f o r  molding from R-1-50 ya rn  i s  
e a s i l y  done. A s i n g l e  s t r a n d  i s  uniform i n  weight ,  0.013 grams per 
f o o t  (30.5 cm) on t h e  spoo l  used f o r  composite f i l a m e n t s ,  and t h e  r e s i n  
pickup i s  reasonably uniform i f  t h e  a p p l i c a t i o n  method i s  c o n s i s t e n t .  
Sepa ra t ing  an equa l  volume of f i b e r  from a 10,000 f i b e r  tow of P - I  o r  
P - I 1  i s  more d i f f i c u l t .  
a r e  f r e q u e n t l y  tumbled along t h e  l e n g t h  of t h e  tow. That i s ,  t hey  vary 
i n  t h e i r , r e l a t i v e  p o s i t i o n  a long  t h e  length.  A small bundle may be i n  
t h e  middle of t h e  tow a t  one point  and a t  t h e  o u t e r  edge a t  ano the r ,  o r  
t h e  bundle may s p l i t  i n t o  two o r  more smaller bundles.  P rev ious ly ,  t h e  
tows had been sepa ra t ed  by w e t t i n g  w i t h  water, u n t w i s t i n g  and spread by 
r o l l i n g  w i t h  rubber r o l l e r s .  T h i s  was considered t o o  seve re  f o r  a 
c a r e f u l  e v a l u a t i o n  of r e t a i n e d  t e n s i l e  p r o p e r t i e s  i n  composite f i l amen t s .  
I n  t h i s  work, water w e t  tows were sepa ra t ed  i n t o  bundles 3 t o  4 t imes 
g r e a t e r  t han  needed. Then t h e  f i b e r s  were d r i e d  and c a r e f u l l y  s t r i p p e d  
o f f  u n t i l  t h e  d e s i r e d  weight was reached. The process was t ed ious  and 
t h e  l o s s  was high.  The P - I1  (high s t r e n g t h )  tows were n o t i c e a b l y  h a r d e r  
t o  s e p a r a t e  t h a n  P - I  tows because t h e  f i b e r s  were more f i rmly  i n t e r l o c k e d .  

The tow h a s  low t w i s t ,  but  t h e  i n d i v i d u a l  f i b e r s  

A check was made on t h e  un i fo rmi ty  of a c a r e f u l l y  sepa ra t ed  P - I 1  f i b e r  
bundle. A 30 inch  (73.3 cm)  l eng th  w i t h  an  average weight of 0.0125 grams 
p e r  f o o t  (30.5 cm)  was c u t  i n t o  3 inch  (7.3 c m )  l eng ths .  The weight of 
each l eng th  converted back t o  grams p e r  f o o t  i n  o rde r  w a s :  

N o  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

- W t .  (gm/ft  o r  30.5 cm) 

0.0116 
0 * 0102 
0.0124 
0.0152 
0.0156 
0.0138 
0.0128 
0.0120 
0.0116 
0.0112 

The wide spread i n  weights  means t e n s i l e  and modulus c a l c u l a t i o n s  on t h e  
9 inch molded f i l amen t s  a r e  probably not t o o  accu ra t e .  P - I  and P - I1  
f i b e r  bundles were o r i g i n a l l y  weighed as 3 foo t  (91.4 cm) p i eces  be fo re  
impregnation and molding. 
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The PQ r e s i n  w a s  d i f f i c u l t  t o  impregnate uniformly on a s i n g l e  s t r a n d ,  
of yarn.  The high s o l u t i o n  v i s c o s i t y  and low s o l i d s  produced s m a l l  beads 
a t  i n t e r v a l s  a long t h e  l eng th .  I n  l a r g e r  composites w i th  a l a r g e  number 
of ya rn  s t r a n d s  t h e s e  s l i g h t  i n c o n s i s t e n c i e s  can be t o l e r a t e d .  However, 
i n  a s i n g l e  s t r a n d ,  t h e  beads of PQ r e s i n ,  f lowing on ly  wi th  h igh  p r e s s u r e ,  
tends t o  break t h e  f i b e r s  a t  t h a t  p o i n t  during molding. Most of the 
f i l amen t s  molded wi th  PQ r e s i n  as a b inde r  broke i n t o  s e v e r a l  p i eces  
during demolding. I n  a d d i t i o n  t o  t h e  breakage t h e  b inde r  con ten t  was 
very low. The P-I r e s i n  a l s o  r e q u i r e s  high p r e s s u r e s  t o  mold, and t h e  
formed f i l a m e n t s  were lower i n  s t r e n g t h  than  expected. 
lems were encountered on f i l amen t  breakage because t h e  impregnation w a s  
more uniform. The low s t r e n g t h s  of t h e  f i l amen t s  formed wi th  both P-I 
and PQ r e s i n s  i n d i c a t e r  b i n d e r s ,  t h a t  flow on ly  under high p r e s s u r e ,  tend 
t o  break up t h e  f i b e r s  i n  a s m a l l  s i n g l e  bundle molding. 

However, no prob- 

Figure 18,  R-1-50/P-I, and Figure 19, P - I l h i g h l y  advanced f u r f u r y l  a l c o h o l ,  
are examples of t h e  molded f i l amen t s .  The voids  around t h e  f i l amen t s  a r e  
caused by poor q u a l i t y  of t h e  c a s t i n g  and are no t  t h e  r e s u l t s  of a f i b e r  
p rope r ty .  The f i l amen t  shape is  q u i t e  uniform, cons ide r ing  t h e  method of 
f a b r i c a t i c n .  The f l a t  s u r f a c e  of each f i l amen t  w a s  t h e  a r e a  i n  c o n t a c t  
with the  deformed metal wire. It confirms t h a t  t he  p r o j e c t e d  s u r f a c e  of 
t h e  m e t a l  uniformly compresses t h e  f i b e r  bundles.  
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8. MOLDED OEZY, lOOX 

FIGURE 19.  MOLDED P-IIHLGHLY ADVANCED ~ U R ~ R Y L  AL 
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5. TESTING 

5.1 T e s t  Procedure 

Several  of t h e  more du rab le  e a r l y  pyrolyzed R-1-50 composite f i l amen t s  
were t e s t e d  f o r  f l e x u r a l  modulus i n  a t h r e e  p o i n t  loading.  Values v a r i e d  
from 48 x lo6  p s i  (33.1 x lo4  MN/m2) t o  14 x LO6 p s i  (9.7 x lo4 MN/m2). 
Much of t h e  v a r i a t i o n  can be a t t r i b u t e d  t o  v a r i a t i o n s  i n  measuring t h e  
diameter and i n  assuming a round shape; f l e x u r a l  modulus v a r i e s  i n v e r s e l y  
t o  t h e  4 t h  powers of t h e  diameter .  The sma l l e r  diameter f i l a m e n t s  had t h e  
h ighe r  f l e  u r a l  modulus. 
(19.2 x 10 . MN/m2) 
r e i n f o r c e d  w i t h  a 55 volume percent  R-1-50 t ype  f i b e r .  
average f l e x u r a l  modulus w a s  r e a l i s t i c ,  t he  t es t  w a s  no t  s u f f i c i e n t l y  
a c c u r a t e  f o r  f i l amen t s  w i th  i r r e g u l a r  c r o s s  s e c t i o n s .  A few a d d i t i o n a l  
f l e x u r e  de t e rmina t ions  were made wi th  some of t h e  l a t e r  bet ter-rounded 
f i l a m e n t s ,  b u t  t h e  t es t  w a s  dropped i n  f avor  of t e n s i l e  modulus. 

The average f o r  a l l  tes ts  w a s  27.8 x lo6 p s i  2 about t h e  same va lue  as a l a r g e r  epoxy composite 
Although t h e  

Strand t e s t i n g  i s  a common way t o  e v a l u a t e  t h e  t e n s i l e  p r o p e r t i e s  of 
carbon yarns .  While under l i g h t  t e n s i o n ,  t h e  yarns  are impregnated wi th  
a room temperature  cu r ing  epoxy r e s i n .  The cured s t r a n d s  a r e  t h e n  t e s t e d  
by p u l l i n g  i n  a t e n s i l e  machine wi th  rubber covered clamps t o  prevent 
cracking.  The carbon cha r s  l ack  t h e  toughness of t h e  epoxy r e s i n  and 
even t h e  rubber f ac ings  damaged t h e  pyrolyzed f i l a m e n t s .  

To avoid clamping damage, t h e  f i l amen t s  were mo nted between t a b s  a t  each 
end. The f i r s t  t a b s  were .020 inch (50.8 x IO-’ cm)  aluminum, 1/2 inch 
(1.27 cm) wide bonded toge the r  w i th  an epoxy cement. Because t h e  mass of 
aluminum t a b s  was so  much g r e a t e r  than t h a t  of t h e  f i l a m e n t s ,  it w a s  d i f -  
f i c u l t  t o  handle t h e  specimens wi thou t  breaking t h e  f i l amen t s .  

The next t e n s i l e  tests were made on 3-inch (7.62 cm)  composite f i l amen t s  
sandwiched between a l a y e r  of No. 69 medium weight ,  cold pressed i l l u s t r a -  
t i o n  board and a l a y e r  of d a t a  processing card.  The pieces  of i l l u s t r a -  
t i o n  board were 1-1/2 inches (3.81 cm) wide and 5 inches (12.7 cm)  long 
w i t h  a 1 inch  hold (2.54 cm) c u t  from t h e  c e n t e r .  The f i l amen t s  were 
c rad led  a c r o s s  t h e  cu tou t  a t  t h e  c e n t e r  l i n e .  The p o r t i o n  i n  c o n t a c t  w i t h  
t h e  paper board were bonded i n  place w i t h  adhesive and a cover from a d a t a  
processing card.  A f t e r  mounting i n  t h e  t e s t  machine, t h e  s i d e s  of t h e  
one-inch cu tou t  were burned through wi th  a h o t  w i r e .  

Examination of mounting t a b s  a f t e r  t e s t i n g  i n d i c a t e d  t h e  t es t  machine 
clamps may have damaged t h e  bonded p o r t i o n  of some of t h e  f i l amen t s  and 
caused low t e s t  va lues .  A sandwiching between two l a y e r s  of t h e  i l l u s -  
t r a t i o n  board w a s  t hen  used t o  avoid clamp damage. The two l a y e r s  of 
board gave f a i r l y  c o n s i s t e n t  resu l t s  b u t  problems d i d  occur when t h e  
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adhesive wicked away from the filaments and left a starved bond line. 
Also, attempts to determine modulus by precutting one side of the cutout 
hole and mounting an extensometer on the cut side gave low results. The 
illustration board apparently stretched under the load and the effective 
gage length of the filament was greater than one inch. 
illustration board and metal tabs, increased amounts of  adhesive and 
metal sandwich mounts lead to the configuration shown in Figure 20. 

Combinations of 

.020" ALUMINUM 

TEST FILAMENT- 

PRECUT FOR 

MOUNTING 
EXTENSOMETER 

ILLUSTRAT I 
BOARD 

HOT WIRE CUT 
AFTER CLAMPING 

k- 1; 4 
FIGURE 20. TENSILE TEST MOUNTING 

Eastman 910 was used as the bonding cement. A 1 inch (2 .54  cm) exten- 
someter was mounted on the left side to determine the approximate modulus. 
The aluminum tabs are rigid enough to keep most of the filament strain 
in the gage length. 
around the filament and prevents test machine clamp pressure directly 
against the filament. 

The groove in the bottom tab keeps the adhesive 
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The heavy i l l u s t r a t i o n  board i s  a good base f o r  mounting t h e  fi laments>. 
It i s  s t i f f  enough t o  support  t h e  f i l a m e n t ,  even a f t e r  c u t t i n g  o u t  the gage 
l e n g t h  hole  and one s i d e  by the hole  and is  heavy enough t o  a t t a c h  a n  ex- 
t e n s  ome t e r - t does have one drawback, dimensional s t a b i l i t y ,  Large 
humidity change o r  h e a t i n g  (e.g, ,  cu r ing  a mounting adhesive)  w i l l  cause 
t h e  board t o  w a r p ,  which can in f luence  t e s t  r e s u l t s ,  

Density on t h e  f i l a m e n t s  r e p o r t e d  was determined by the  "sink o r  f l o a t a 8  
method. 
w i t h  a d e n s i t y  of 0.73 gm/cc were used as the  f l u i d  combination. 

Dibromethane wi th  a d e n s i t y  of 2.48 gm/cc and i sop ropy l  a l coho l  

Moisture pickup on t h e  "as received" f i b e r s  and f i n i s h e d  f i l a m e n t s  w a s  
measured a f t e r  h e a t i n g  t h e  materials f o r  3 hours  a t  302'F (423OK). 
d r i e d  samples  were exposed t o  an  ambient l a b o r a t o r y  c o n d i t i o n  of approxi-  
mately 7.2'F (295'F) and 50% R.H. and t o  72'F and 100% R.H. f o r  a pe r iod  of 
18 hours,  ~ 

The 

5.2 TEST RESULTS 

Table I1 i s  a summary d e s c r i p t i o n  of a l l  t h e  composite f i l a m e n t s  t e s t e d  
wi th  the  t h i n  aluminum t a b s  a t t a c h e d  t o  t h e  i l l u s t r a t i o n  board (Figure 20). 
Regardless of t h e  i n i t i a l  b i n d e r ,  a l l  pyrolyzed f i l a m e n t s  were reimpreg- 
na t ed  w i t h  f u r f u r y l  a l c o h o l ,  a c t i v a t e d  wi th  phosphoric a c i d ,  and repyrolyzed. 
I n  a d d i t i o n  t o  t h e  pyrolyzed f i l a m e n t s ,  f i b e r  bundles impregnated and cured 
wi th  a r e s i l i e n t  epoxy, f t x f u r y l  a l c o h o l ,  PQ, P I ,  and unpyrolyzed molded 
f i l a m e n t s  were t e s t e d .  N o  a t t e m p t  w a s  made t o  c o n t r o l  t he  amount of epoxy 
a p p l i e d  t o  t h e  f i b e r s .  The combination of low f i b e r  volume and r e s i l i e n c e  
was expected t o  g i v e  a f i l a m e n t  w i th  a t e n s i l e  breaking load nea r  t he  
u l t i m a t e  v a l u e  f o r  t he  f i b e r s .  The o t h e r  f i b e r l b i n d e r  combinations,  i n  t h e  
molded and unmolded s t a t e ,  were t e s t e d  t o  determine the  changes i n  t e n s i l e  
p r o p e r t i e s  w i t h  the d i f f e r e n t  processing s t e p s .  

The f i b e r  volume and f i l a m e n t  c r o s s - s e c t i o n  area of t he  pyrolyzed f i l a m e n t s  
i n  Table I1 are c a l c u l a t e d  from the  i n i t i a l  f i b e r  weight and t h e  added 
binder  weight. The e f f e c t  of v o i d s  and c racks  w a s  ignored. So t h e  a c t u a l  
f i b e r  volume would always be less and the  a c t u a l  c r o s s - s e c t i o n  area would 
be g r e a t e r  t han  t h e  r e p o r t e d  values .  Clear,well po l i shed  photomicrographs 
would be needed f o r  each f i l a m e n t  t e s t e d  t o  determine a c c u r a t e l y  t h e  f i b e r  
ldading and f i l a m e n t  s i z e .  General ly  a h igh  f i b e r  volume does i n d i c a t e  
p o r o s i t y ,  Voids would be expected t o  become much more f r e q u e n t  as the  
f i b e r  volume becomes g r e a t e r  t han  70% of t h e  combined f i b e r  and b i n d e r  
vo 1 ume 

Table 111 i s  a summary of t e n s i l e  p r o p e r t i e s  of a l l  t h e  composite f i l a m e n t s  
i n  Table 11, T e n s i l e  va lues  are  averages of more ex tens ive  d a t a  presented 
i n  t h e  Appendix; va lues  were normalized from Table A and c a l c u l a t e d  from ' 
Table B of t h e  Appendix. The normalized p r o p e r t i e s  were based on t h e  
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combined c r o s s - s e c t i o n  of t h e  r e i n f o r c i n g  f i b e r s ,  The f i b e r  area was 
determined from t h e  d e n s i t y ,  as r e p o r t e d  by t h e  vendor, and t h e  weigh't per  
u n i t  l eng th .  The c a l c u l a t e d  p r o p e r t i e s  were based on t h e  combined c r o s s -  
s e c t i o n  of t h e  b inde r  and t h e  f i b e r .  The b inde r  c r o s s - s e c t i o n  w a s  d e t e r -  
mined by t h e  inc reased  weight pe r  u n i t  l e n g t h  over t h e  r a w  f i b e r  and t h e  
d e n s i t y  of t h e  binder .  The complete t e s t  d a t a  and r e p r e s e n t a t i v e  ca l cu -  
l a t i o n s  a r e  given i n  t h e  appendix. 

The normalized comparison i s  d e s i r a b l e  because it g i v e s  a d i r e c t  i n d i c a t i o n  
of t he  r e t a i n e d  f i b e r  p r o p e r t i e s  i n  t h e  f i n i s h e d  f i l amen t .  The b inde r  i s  
r e q u i r e d  t o  hold t h e  f i b e r  bundles t o g e t h e r  and t o  t r a n s f e r  load from 
f i b e r  t o  f i b e r ,  when t h e  fipament i s  under stress, bu t  t h e  b i n d e r  t e n s i l e  
p r o p e r t i e s . a r e  on ly  a small f r a c t i o n  o f  t he  f i b e r  t e n s i l e  p r o p e r t i e s .  It 
i s  assumed the b i n d e r  does n o t  d i r e c t l y  c o n t r i b u t e  t o  f i l amen t  t e n s i l e  
s t r e n g t h  and t e n s i l e  modulus; and ,  t h e r e f o r e ,  t h e  p r o p e r t i e s  of t h e  bundle 
come only from t h e  f i b e r .  A s  a n  example, a R-l-50/epoxy ( S e r i e s  C) f i l amen t  
gave an  average breaking load  o f  9.8 pounds (43.5N). These f i b e r s  should 
be f r e e  from mechanical damage s i n c e  t h e y  were f ree  formed and s u b j e c t  
only t o  t h e  wicking o f  t he  epoxy r e s i n .  Converting t o  t h e  normalized v a l u e s  
f o r  t h e  s t r e n g t h  and t h e  e l a s t i c  p o r t i o n  of s t r e s s - s t r a i n  p l o t ,  t h e  average 
t e n s i l e  s t r e n g t h  w a s  278,000 

t i e s  are s t r e n g t h  285,000 p s i  (19.6 x 102 MN/m2) and modulus 50 x 106 p s i  
(34.5 x 104 MN/m2) e 

s i  (19.2 x 102MN/m2) and t e n s i l e  modulus w a s  
52 x 106 p s i  (35.8 x lo4 MN/m 5 ). The vendor l i s t e d  f i b e r  t e n s i l e  proper-  

The r e i n f o r c i n g  e f f i c i e n c y  l i s t e d  i n  Table 11 i s  the  normalized t e n s i l e  
s t r e n g t h  d iv ided  by the  vendor r e p o r t e d  f i b e r  t e n s i l e  s t r eng th .  I n  c a s e s  
when t h e  f i b e r  i s  s t r o n g e r  than the nominal vendor d a t a  o r  the determina- 
t i o n  of f i b e r  weight i n  t h e  f i l amen t  may be i n  e r r o r ,  t he  r e i n f o r c i n g  
e f f i c i e n c y  can exceed 100%. 

The t e n s i l e  modulus de t e rmina t ions  were considered only approximate v a l u e s  
because measurements were n o t  made d i r e c t l y  on the  f i l amen t s .  The v a l u e s  
ob ta ined ,  when normalized, g e n e r a l l y  compare w e l l  w i t h  the  vendor r e p o r t e d  
f i b e r  modulus. The unusua l ly  h igh  o r  low v a l u e s  are probably t es t  incon- 
s i s t e n c i e s  r e l a t e d  t o  mounting t h e  extensometer,  F i b e r  t e n s i l e  modulus 
w a s  maintained i n  a l l  p rocess ing  inc lud ing  py ro lyza t ion .  

Normalized t e n s i l e  s t r e n g t h  o r  breaking load c o n s i s t e n t l y  dropped wi th  
a d d i t i o n a l  processing,  Changing from a @#free  s t and ing  cures' w i th  the 
tough epoxy r e s i n  t o  the  more b r i t t l e  f u r f u r y l  a l c o h o l ,  t h e . h i g h e s t  break- 
i n g  loads  of R-1-50 f i b e r s  dropped from over  10 pounds (44,5 N)  t o  less  
than  9,5 pounds (42,3 N) ( S e r i e s  C and D). 

Molding and pyrolyzing t h e  R-I-50/furfuryl  a l c o h o l  combination f u r t h e r  
dropped t h e  breaking l o a d s  t o  7 ,5  pounds (33,3 N )  ( S e r i e s  I?) o r  less,  , 
The same t r e n d  i s  shown i n  the  o t h e r  b inde r  o r  f i b e r  combinations,  Except 
f o r  t h e  P - I 1  f i b e r s ,  the drop i n  s t r e n g t h  i s  probably the  r e s u l t  o f  some 
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' mechanical damage t o  t h e  f i b e r  and t o  a r e d u c t i o n  i n  t h e  q u a l i t y  of t h e  
b i n d e r ,  n o t  from a change i n  t h e  o r i g i n a l  p r o p e r t i e s  of t h e  f i b e r s .  

The accuracy of t h e  tes ts  on t h e  PAN p r e c u r s o r  f i b e r  r e i n f o r c e d  composite 
f i l a m e n t s  i s  somewhat ques t ionab le  because,  as p r e v i o u s l y  po in ted  o u t ,  i t  
w a s  d i f f i c u l t  t o  o b t a i n  uniform s t r a n d s ,  S t i l l  t h e  t e s t s  d i d  show some 
unusual r e s u l t s .  The h igh  s t r e n g t h  o f  t he  P - I1  f i b e r s  w a s  r e t a i n e d  i n  
t h e  cu red  epoxy impregnated s t r a n d  ( S e r i e s  N). The lo s s  of 80 t o  90% 
of the  s t r e n g t h  i n  the molded and pyrolyzed f u r f u r y l  a l coho l  impregnated 
s t r a n d s  ( S e r i e s  R) w a s  unexpected, 
by t e s t i n g  pyrolyzed " f r ee  s tanding curessg  o f  f u r f u r y l  a l coho l  and the  
f i b e r .  
9.0 N). The r e s u l t s  are n o t  r e p o r t e d  i n  t h e  t a b u l a r  c h a r t s  because t h e  
t h i n  aluminum t a b s  were n o t  used t o  mount t he  f i l amen t s .  

A recheck on the P - I1  f i b e r s  w a s  made 

The breaking loads  w e r e  aga in  low, between 1 and 2 pounds (4.5 t o  

PAN polymers exposed t o  only low temperature p y r o l y z a t i o n ,  l i k e  the  P - I 1  
f i b e r s ,  are r e p o r t e d  t o  e x h i b i t  a high chemical c a t a l y t i c  a c t i v i t y .  
T h i s  a c t i v i t y  may be r e s p o n s i b l e  f o r  t he  l a r g e  loss  of t e n s i l e  s t r e n g t h  
during py ro lyza t ion .  Regardless of t he  reasons f o r  low t e n s i l e  s t r e n g t h s ,  
t he  P-11 f i b e r s  appear  t o  be u n s a t i s f a c t o r y  as reinforcements  f o r  carbonized 
compo s i t e  s 

The molded high modulus PAN p r e c u r s o r  f i b e r s ,  P - I ,  had the  b e s t  r e t e n t i o n  
of t e n s i l e  s t r e n g t h  a f t e r  pyrolyzat ion.  The comparative t es t  averages on 
S e r i e s  L and M were normalized s t r e n g t h s  of 235,000 (16.2 x 102 MN/m2) and 
197,000 (13.6 x 102 MN/m2) r e s p e c t i v e l y .  The s t r e n g t h s  c a l c u l a t e d  on t h e  
vo id - f r ee  c r o s s - s e c t i o n  were 146,000 p s i  (10.1 x 102 MN/m2) and 149,000 
p s i  (10.3 x lo2  MN/m2) r e s p e c t i v e l y .  
pyrolyzed f i l a m e n t s  t e s t e d  wi th  aluminum t a b  mountings, The f i b e r  volumes 
on t h e  L s e r i e s  were n o t  w e l l  c o n t r o l l e d ,  and t h e  spread w a s  q u i t e  wide. 
However, two of t he  f i l a m e n t s  were about  70% f i b e r  volume and they e x h i b i t e d  
good r e t e n t i o n  of t e n s i l e  p r o p e r t i e s ,  
v o i d - f r e e  c r o s s - s e c t i o n  w a s  175,000 p s i  (12.1 x 102 MN/m2) and 163,000 p s i  
(11.2 x 102 MN/m2). S e r i e s  M w a s  an  a t t e m p t  t o  r e p e a t  t h e  f i l a m e n t s  a t  
the  h i g h e r  f i b e r  volume. The breaking loads i n  t h e  M series were r e l a t i v e l y  
h igh ,  b u t  t h e  inc reased  volume dropped the  f i l a m e n t  s t r e n g t h  t o  less  than  
80% of t h e  a v a i l a b l e  f i b e r  s t r e n g t h .  

These are w e l l  above any o t h e r  

The c a l c u l a t e d  s t r e n g t h  based on a 

The lo s s  i n  s t r e n g t h  of t he  molded P I  ( S e r i e s  T) and PQ ( S e r i e s  W) b inde r  
f i l a m e n t s  i s  be l i eved  t o  be caused by the  h i g h  p r e s s u r e  needed t o  produce 
compaction. The r e s i n s  have high r e s i s t a n c e  t o  f low a t  t h e  molding 
temperatures ,  and t h e  molding p rocess  badly damages t h e  f i b e r s .  The 
moderate inc rease  i n  s t r e n g t h  from the  molded t o  t h e  pyrolyzed f i l a m e n t s  
( S e r i e s  T t o  S e r i e s  U and S e r i e s  W t o  S e r i e s  X )  i s  probably the  r e s u l t  of 
reimpregnation wi th  f u r f u r y l  a l coho l  b e f o r e  t h e  second pyrolyzat ion.  The 
low flow of t h e  i n i t i a l  impregnant would be expected t o  form a poor bon'd 
t o  t h e  f i b e r s  du r ing  molding, and the a d d i t i o n a l  f u r f u r y l  a l c o h o l  would 
he lp  improve the f i b e r / b i n d e r  bonds, 
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' A cons ide rab le  v a r i a t i o n  w a s  found i n  t h e  t es t  r e s u l t s  which i s  t y p i c a l  of 
most new h igh  modulus composite materials. 
e a s i l y  damaged, Delicate handl ing i s  r e q u i r e d  a t  a l l  t i m e s .  Even t h e n ,  
most of t he  f i l a m e n t s  broke a t  the  t a b  edge r a t h e r  than i n  the  gage l eng th .  
T h i s  i n d i c a t e s  p o s s i b l e  damage from excessive f l e x i n g  a t  t h e  at tachment  
p o i n t  o r  misalignment o f  t h e  f i l a m e n t  during tes t .  A test  t h a t  does n o t  
break i n  the  gage l e n g t h  should r eco rd  a somewhat lower load than  the  
a c t u a l  s t r e n g t h  of t h e  f i l amen t s .  

The f i l a m e n t s  are b r i t t l e  and 

Bonding t o  the  r i g i d  aluminum t a b s  i n  Figure 20 mounting appears  t o  be more 
c r i t i c a l  t han  bonding d i r e c t l y  t o  the  i l l u s t r a t i o n  board. This  d i f f e r e n c e  
i s  n o t i c e d  as the  composite f i l a m e n t  b inde r  becomes more b r i t t l e .  For 
example, t h e  pyrolyzed composite f i l a m e n t s  formed by drawing R-1-50 f i b e r s  
through a w e t  d i e  ( S e r i e s  B) were t e s t e d  by mounting without  t h e  aluminum 
tabs .  
mounted d i r e c t l y  on i l l u s t r a t i o n  board,  w i th  double-back tape t o  prevent  
damage from the t es t  clamps. The average breaking load on these specimens 
w a s  7 . 1  pounds (31.6 N) ve r sus  6.0 pounds (26.7 N) on the  same run of f i l a -  
ments t e s t e d  wi th  t h e  aluminum tabs .  

Covers c u t  from a d a t a  processing c a r d  were bonded over t h e  f i l a m e n t s ,  

Another a s p e c t  of t e n s i l e  s t r e n g t h  v a r i a t i o n  i s  the  f i b e r  volume i n  the  
f i n i s h e d  composite f i l amen t .  
f i b e r  w i l l  produce a smaller f i l amen t  s i z e  b u t  n o t  n e c e s s a r i l y  a higher  
t e n s i l e  s t r e n g t h ,  
had approximately 60% f i b e r  volume i n  t h e  f i n i s h e d  composite f i l amen t s .  
A r e p e a t  was  made a t  70% f i b e r  volume f o r  e v a l u a t i o n  by NASA L e w i s .  The 
average breaking load f o r  t he  two r u n s ,  u s ing  the grooved aluminum t a b  
mounting, w a s  6.8 and 5.5 pounds (30.2 and 25.4 N), r e s p e c t i v e l y .  Uni- 
d i r e c t i o n a l  g r a p h i t e  f iber /epoxy composites may show some l o s s  of r e i n -  
f o r c i n g  e f f i c i e n c y  above 60% f i b e r  volume, b u t  the drop i s  less than t h e  
drop found i n  molded carbonized composite f i l a m e n t s .  

A high f i b e r  volume wi th  a f i x e d  amount of 

A molded and pyrolyzed R-I-50/furfuryl  a l coho l  f i l a m e n t  

The b e s t  pyrolyzed f i l a m e n t  produced by a method o t h e r  than molding was 
the  R-1-50 f i b e r s  drawn through a n  0.008 inch (20.3 x 10-3 cm) g l a s s  d i e  
f i l l e d  w i t h  f u r f u r y l  a l c o h o l  modified w i t h  an  epoxy novolac (Figure 14). 
P r o p e r t i e s  of t h e  f i l a m e n t  were: 

Shape: Round 
Diameter: 0.008 inch  (20.3 x cm) 
Weight: 0,0524 gm/m 
Bulk Density: 1,53 gm/cc 
F l e x u r a l  Modulus: 
T e n s i l e  Modulus: 
Breaking Load: 6,6 t o  7.8 pounds (29.3 - 34,7 N) 
T e n s i l e  Strength:  
T e n s i l e  S t r e n g t h  Range: 133,000 - 155,000 p s i  (9.2-10,7 x 

Ca lcu la t ed  F i b e r  Volume: 69% 

2 32.906 p s i  (22,7 x lo4 MY/m ) 
34-3  x lo6  p s i  (23.6 x l o 4  MN/m2) 

141,000 p s i  (9,7 x l o 2  MN/m2) 

102 W m 2 )  
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The nex t  b e s t  pyrolyzed f i l a m e n t  produced by o t h e r  than molding w a s  , t h e  
R-1-50 f i b e r s  impregnated w i t h  a h i g h l y  advanced f u r f u r y l  a l c o h o l  b inde r  
and r o l l e d  between g l a s s  s u r f a c e s  (Figure 15). The p r o p e r t i e s  were: 

Shape: Round 
Diameter: 
Weight: 0.0484 gm/m 
Bulk Density:  1.50 gm/cc 
F l e x u r a l  Modulus: 
T e n s i l e  Modulus: 
Breaking Load: 6.1 t o  7.0 l b  (27.1 - 31.1 N 
T e n s i l e  Strength:  
T e n s i l e  S t r eng th  Range: 120,000 - 139,000 p s i  (8.3-9.6 x 

Ca lcu la t ed  F i b e r  Volume: 69% 

0.008 inch  (20.3 x 10-3 cm) 

34 x l o 6  p s i  (23.4 x l o 4  MN/m2) 
32.3 x lo6  p s i  (22.4 x 104 Mt\T/m2) 

132,000 p s i  (9 .1  x 102 MN/m2) 

104 MN/m2) 

The t e n s i l e  s t r e n g t h  of t he  two p rev ious ly  mentioned f i l a m e n t s  were d e t e r -  
mined on samples  mounted d i r e c t l y  t o  i l l u s t r a t i o n  board and covered w i t h  
t a b s  c u t  from a d a t a  p rocess ing  card.  Also ,  t he  d i e  formed f i l a m e n t  w a s  
p r o t e c t e d  wi th  a l a y e r  of double back tape between the  f i l amen t  and t h e  
tab.  These d i f f e r e n c e s  do g ive  a h ighe r  breaking load  than  the  mounting 
wi th  aluminum tabs .  These are the same f i l a m e n t s  r e p o r t e d  as S e r i e s  B 
and S e r i e s  A ,  r e s p e c t i v e l y ,  i n  t he  comparative t e s t i n g  w i t h  aluminum t a b  
mountings. The t e n s i l e  s t r e n g t h s  he re  a r e  based on the c r o s s  s e c t i o n  area 
of t he  photomicrographs. The d i r e c t  mounting of t h e  f i l amen t  t o  t h e  
i l l u s t r a t i o n  board w a s  n o t  used f o r  t h e  comparative e v a l u a t i o n  because i t  
lacked s u f f i c i e n t  r i g i d i t y  t o  determine modulus wi th  an  extensometer. 
The modulus r epor t ed  he re  w a s  taken from the  S e r i e s  B and A d a t a .  

The pyrolyzed d i e  formed f i l a m e n t ,  w i th  the  7.8 l b  (34.7 N) breaking l o a d ,  
gave a t e n s i l e  s t r e n g t h  of 155,000 p s i  (10.7 x lo2 MN/m2) based on t h e  
a c t u a l  0,008 inch (20.3 x lom3 cm) f i l a m e n t  diameter.  
b e t t e r  t han  the 70,000 p s i  (4.82 x l o 2  MN/m2) t e n s i l e  s t r e n g t h  on the 
l a r g e r  u n i d i r e c t i o n a l  g r a p h i t e  f i b e r  r e i n f o r c e d  carbon composites r e p o r t e d  
i n  the l i t e r a t u r e . ( 3 )  Also  t h e  s t r e n g t h s  compare w e l l  w i th  the  143,000 
p s i  r e p o r t e d  on a h i g h - q u a l i t y ,  u n i d i r e c t i o n a l  50 x l o 6  p s i  (34.4 x lo4 
MN/m2) modulus, 60% loaded,  g r a p h i t e  y a r n ,  r e i n f o r c e d  epoxy composite. (5) 
Th i s  i n d i c a t e s  t h e  r e i n f o r c i n g  q u a l i t i e s  of t h e  g r a p h i t e  f i l a m e n t s  i n  a 
pyrolyzed b inde r  a r e  similar t o  the "state of t he  ar t@@ reinforcement  i n  
o t h e r  b inde r s ,  

This  i s  cons ide rab ly  

Some of t he  pyrolyzed molded P - I /h igh ly  advanced f u r f u r y l  a l coho l  f i l a m e n t s  
( S e r i e s  L and M) had a combination of h igh  f i b e r  volume and r e l a t i v e l y  
high breaking load. These f i l a m e n t s  probabl equa l  o r  exceed t h e  t e n s i l e  

without  t he  aluminum t a b s ,  The h i g h e s t  tensile s t r e n g t h  on a c a l c u l a t e d  
76% void f ree  c r o s s - s e c t i o n  and 8.9 pound (39,6 N )  breaking load  w a s  
175,000 p s i  (12.1 x lo2  MN/m2). 
f i l a m e n t ,  a n  a c c u r a t e  comparison cannot be made, 

s t r e n g t h  o f  t he  155,000 p s i  (10.7 x l o 2  MN/m s ) d i e  formed f i l a m e n t ,  t e s t e d  

Howeverg without  photomicrographs of each 
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Table IV i s  a-comparison of t e n s i l e  s t r e n g t h  of t he  b e s t  pyrolyzed f i ' la-  
ments t e s t e d  wi th  the  aluminum t a b  mountings. These a r e  s i n g l e  t e s t s  
based on breaking load and vo id - f r ee  c a l c u l a t e d  c r o s s - s e c t i o n a l  a r e a D  
Many f a c t o r s  can reduce t e n s i l e  s t r e n g t h  test v a l u e s  of composite, bu t  high 
t e n s i l e  va lues  a r e  r a r e l y  erroneouso They gene ra l ly  i n d i c a t e  what can be 
obta ined  under the  b e s t  p rocess ing  and t e s t i n g  methods. 

Absorbed moisture  on s t r u c t u r a l  re inforcements  can be de t r imen ta l  t o  com- 
p o s i t e s  t h a t  r e q u i r e  process ing .  temperatures  above the  b o i l i n g  p o i n t  of 
water. 
50% and 100% R.H. 

Dried f i b e r  and pyrolyzed f i l amen t s  were exposed t o  the  a i r  a t  

The weight measurements, Table V ,  show some mois ture  pickup,  p a r t i c u l a r l y  
on the  molded f i l amen t s .  The "as received' '  f i b e r s  absorbed l i t t l e  o r  no 
moisture .  N o  s i g n i f i c a n t  d i f f e r e n c e s  were.observed between the 50% and 
100% R.H, exposures.  

The samples were only  2 t o  3 inches (5.08 t o  7.62 cm) long because the  
amount of pyrolyzed f i l amen t s  was l i m i t e d .  
mg,and the  l a r g e s t  weight changes were only a few t e n t h s  of a mil l igram. 
So, t e s t i n g  accuracy w a s  low, bu t  an appreciabLe weight i nc rease  was 
picked up on the  molded f i l amen t s .  The h ighe r  weight pickup i n d i c a t e s  a 
g r e a t e r  su r f ace  a r e a  exposed t o  the  atmosphere, Grea te r  su r f ace  a r e a  
would be the  r e s u l t  of f i l amen t  c racking  o r  h igh  po ros i ty .  

Weights were between 2 and 15  
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6 .  CONCLUSIONS AND RECOMMENDATIONS 

6 e 1 Conclusions 

The f e a s i b i l i t y  of t h e  resin- impregnat ion and p y r o l y s i s  method f o r  making 
l a r g e  diameter  carbon-base composite f i l a m e n t s  w a s  shown. Three methods 
were used t o  f a b r i c a t e  t h e  f i l a m e n t s ,  i . e . ,  r o l l i n g  o r  w e t  d i e  o r  molding. 
The w e t  d i e  method of forming qroduced a pyrolyzed composite f i l a m e n t  w i t h  
a 155,000 p s i  (10.7 x LO2 MN/m ) - t e n s i l e  s t r e n g t h .  The P-I f i b e r s  formed 
a molded pyrolyzed f i l a m e n t  w i t h  a 175,000 p s i  ( 1 2 . 1  x l o 2  MN/m2) t e n s i l e  
s t r e n g t h  based on a v o i d - f r e e  c r o s s - s e c t i o n  which would be somewhat higher  
than a c t u a l  s t r e n g t h .  Both t e n s i l e  va lues  compare f avorab ly  t o  t h e  r e p o r t e d  
va lue  f o r  a u n i d i r e c t i o n a l  graphi te lepoxy composite and i s  g r e a t l y  s u p e r i o r  
t o  t h e  r epor t ed  va lues  f o r  graphi te /carbon composite. 

Problems were encountered i n  t h e  impregnation, c u r i n g ,  and p y r o l y s i s  s t e p s  
of t h e  p rocess ,  caus ing  non-uniform d i s t r i b u t i o n  of  t h e  f i b e r s  and p o r o s i t y  
and c rack ing  w i t h i n  t h e  pyrolyzed carbon matrix. 
p o s i t e  f i l a m e n t s  from a t t a i n i n g  t h e  f u l l  p o t e n t i a l  p r o p e r t i e s .  

T h i s  prevented t h e  com- 

1. T e n s i l e  modulus of t h e  f i b e r s  was r e t a i n e d  through 
t h e  pyro lyza t ion  process .  

2 .  T e n s i l e  s t r e n g t h  dropped c o n s i s t e n t l y  w i t h  each pro-  
c e s s i n g  s t e p .  The b e t t e r  pyrolyzed f i l a m e n t s  r e t a i n e d  
80 t o  60% of t h e  a v a i l a b l e  f i b e r  s t r e n g t h .  

3. The molding method of forming was s a t i s f a c t o r y  f o r  
f u r f u r y l  a l coho l  type b i n d e r s  b u t  badly  degrades 
s i n g l e  f i b e r  bundles of P I  and PQ r e s i n s .  

4 .  The P-I1 f i b e r s  appear  u n s u i t a b l e  as  a reinforcement  
f o r  carbon composites.  The l a r g e  drop i n  s t r e n g t h  
a f t e r  pyro lyza t ion  cannot be explained b u t  may b e  
r e l a t e d  t o  t h e  high chemical r e a c t i v i t y  of PAN p r e -  
c u r s o r  carbons pyrolyzed below a g r a p h i t i z a t i o n  
temperature  e 

5. The P - I  f i b e r s  show t h e  h i g h e s t  r e t e n t i o n  of f i b e r  
s t r e n g t h  a f t e r  py ro lyza t ion .  

6 2 Recommendations 

The f i b e r s  used i n  t h i s  program were n o t  expected t o  produce composite 
f i l amen t s  w i t h  t h e  t a r g e t  r e  uirements  of 400,000 

changing t o  a 75 x l o 6  p s i  (51,7 x LO4 MN/m2) o r  h ighe r  modulus f i b e r ,  t h e  
47 

s i  (27,6 x 102 MN/m2) 
t e n s i l e  s t r e n g t h  and 50 x 10 2 p s i  (34,5 x lo4 MN/m K ) t e n s i l e  modulus. By 



modulus g o a l  can be m e t  a t  70% f i b e r  volume. The s t r e n g t h  cannot  b e , o b t a i n e d  
u n l e s s  t h e  f i b e r s  are  inc reased  i n  s t r e n g t h  and/or  t h e  b inde r  t e n s i l e  prop- 
e r t i e s  are  converted t o  a load c a r r y i n g  p a r t  of t h e  composite. 

The recommendations f o r  f u t u r e  work on carbon composite f i l a m e n t s  are: 

1. Optimize t h e  " w e t  d i e "  forming p rocess  f o r  maximum 
s t r e n g t h  o r  o t h e r  methods t o  e l i m i n a t e  p o r o s i t y  
and c rack ing  and o b t a i n  a uniform f i b e r  d i s t r i b u t i o n .  

2 .  Optimize t h e  P - I  r e i n f o r c e d  f i l a m e n t s  f o r  maximum 
s t r e n g t h  . 
Eva lua te  t h e  f i b e r s  w i t h  moduli 75 x LO6 p s i  
(51.7 x lo4 MN/m2) o r  g r e a t e r  as reinforcements .  

3 .  

4 .  Convert t h e  carbon b inde r  t o  a more c r y s t a l l i n e  
type  polymer by modifying t h e  p recu r so r  f u r f u r y l  
a l c o h o l  b inde r  w i t h :  

a. A small amount of c o l l o i d a l  g r a p h i t e .  

b. A c o a l  t a r  o r  polyvinyl  c h l o r i d e  p i t c h .  

c.  A non-accelerated c u r e  us ing  h e a t  only (forms 
a p i t c h - l i k e  m a t e r i a l )  and hea t ing  t o  a 
g r a p h i t i z i n g  temperature  e 

5 .  Evaluate  s t r e t c h i n g  t h e  pyrolyzed f i l a m e n t s  w i t h  
t h e  more c r y s t a l l i n e  b i n d e r s  a t  a g r a p h i t i z i n g  
temperature  t o  i n c r e a s e  t ens i l e  s t r e n g t h  of bo th  
t h e  f i b e r s  and t h e  b inde r .  
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SAMPLE CALCULATIONS 

The t e n s i l e  s t r e n g t h  modulus and r e i n f o r c i n g  e f f i c i e n c y  c a l c u l a t i o n s  were 
based on t h e  f i b e r  and carbon binder  d e n s i t i e s .  F ibe r  d e n s i t i e s  were 
obtained from vendor d a t a  and b inde r  d e n s i t i e s  from t h e  " s ink  o r  f l o a t "  
de t e rmina t ions  i n  blends of i sop ropy l  a l coho l  and dibromomethane. 

The d e n s i t i e s  used f o r  t h e  f i b e r s  were 

3 
3 

R-1-50 (Thornel 50) 1.63 gm/cm 
P- I  (Modmor Type I) 1.74 gm/cm 
P- I1  (Modmor Type 11) 1.94 gm/cm3 

The d e n s i t i e s  used f o r  carbon b inde r s  were 

F u r f u r y l  a l coho l  precursor  1 .41 
P - I  (polyimide) p recu r so r  1.38 
PQ (polyquinoxal ine)  precursor  1.44 

The small changes i n  d e n s i t i e s  of t h e  P-I  and PQ p recu r so r  carbon from 
t h e  reimpregnat ion wi th  f u r f u r y l  a l coho l  were ignored. Also,  t h e  void 
content  was not measured. 

Using Series A ,  T e s t  No. 1 as an example, t h e  c a l c u l a t i o n s  were as 
f o l  lows : 

1. F i b e r  Cross S e c t i o n a l  Area (Af) = F i b e r  W t .  A Fibe r  Density 

2 
= 2.24 x cm 1 

X 
1 

1.63 gm/cm3 100 cm/gm Af  =.0365 gm/m x 

1 2 
= 3.47 x i n  -4 2 

6.45 cm2/in2 A f  = 2.24 x 10 c m  x 

2.  Binder Cross S e c t i o n a l  Area (A ) = (Filament w t )  - ( F i b e r  w t )  x b 

Binder Densi ty  

= ,845 x 1 1 
3 1.00 cm/gm 1.41 gm/cm 

Ab = (.0484 - -0365) gm/m x 

2 c m  
1 2 = 1.31 x i n  2 

Ab = ,845 x lom4 c m  x 6.45 cm2/in2 

6 3  



3. Filament Cross S e c t i o n  (AF) = A + A f b  

-4 2 AF = (2.24 + 8.45) x LOm4 cm2 = 3.09 x LO 

A = 3.47 x 1.31 = 4.78 x i n  

cm 

2 
F 

1 Normalized T e n s i l e  S t r e n g t h  = Breaking Load x - 4. 
Af 

3.47 x LO” in2 
1 Normalized T e n s i l e  S t r e n g t h  = 5.2 lbs x 

Normalize T e n s i l e  S t r e n g t h  zz 149 x 10 p s i  3 

5. Reinforcing E f f i c i e n c y  I Normalized T e n s i l e  S t r e n g t h  x 
1 

Vendor T e n s i l e  Scrength 

149 3 
285 Re in fo rc ing  E f f i c i e n c y  = (-) x 10 p s i  x 100 

Re in fo rc ing  E f f i c i e n c y  = 52% 

1 

1 

6.  Ca lcu la t ed  T e n s i l e  S t r e n g t h  = Breaking Load x - 
AF 

Calcu la t ed  T e n s i l e  S t r e n g t h  = 5.2 lbs x - 4.78 x i n 2  

3 Ca lcu la t ed  T e n s i l e  S t r e n g t h  = 109 x 10 p s i  
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